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PREFACE

Falilure analysis of fiber relaforced composite materfals {s not 1 simple
problem, Thece 1s a wide dimensional range {a which analytical failura
theories can be developed, depending on the viewiag scale. Conposite matar-
fals can be percelved simply as a class of homogeneous elastic media, or as 1
highly complex structiural system, There ar2 a variety of other nodels
proposed in-between, 1t seems {mnossible to develop an adequats Ffallur:
analysis methodology that can be appliad over the entfre dinensisnal snectrun
of composites a3 an englneeriang matertal,

For a class of epoxy-basei structural laminat2s, fallure usually bezfas
with miccocracking i{n the r2si1 or {n the rasin-fiber {ntarfaces, The Af{men-
sions of the microceacks ara on the order of the rcelaforclag fiher dlamatar,
During the course of loading, some of the microcracks may coalasce anad forn
what [s known 4s sub-laminat2 matrix cracks, whose sizeg cana he orlers of
magnitude largec than the microcracks. DNesnite such larse sizes, sub-laminate
mateix cracks genarally remaila lncalized or propasite stably untfl  raachlay a
cartala late-ztage loadtiag, at shlich tlne a maptdl growtt of the matrlx cracks
occurs, Thiz event nsially renders the lamiaats structarally unsafa,

The nurpose of thls work [s ta lwaestigata the formation and arapavation
mechanisms of some (nportant types Hf suh-lamfiat2 matrix cracks., A phearnann-
alogizal fatlure aaalysls methodaloay 13 dev2lonei glthia  the dinenstinal
bounds L1 whi:sh thesa matelx cracks ar: ohsaerved,

It should be mantinoned thart conmposite mitarlals passa2ss v e
physlcal charactaristies not sraviously encouatsecad hy the analysts,  Thos, {r
1s o"ten necassiary to madify the exlstiay anilysis mathnds far oach negly
encountarad sitnations, This nrictlce aav {1 tira cuoise the nliaation of
the 1nalysils mathods aith la-sufflclant sclentific or2cision 1l mithenrtical

it
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rigor. While this work is not an exception to this predicament, it is hoped
that it will stimulate new theoretical research in the field.

The author is deeply indebted to his colleaques, former and present
students; through whose collaboration much of the results presented here ware

obtained. He 1s especially grateful for the financi{al sunports racelved from

-

the U, S. Alr Force 0Office of Scientific Research, Wright Aeronautical lahora-
tory and the Naval Air NDevelopment Center during the var{ous phases of his
r2search.

This manuscript was preparsd while the author was on a sabbatical leave

fron Drexel University to further pursue these research objactives at the
Maval Alr Development Ceantec under a program sponsarad by the National
Researci Couancll from October 1, 1983 to Septambar 30, 1984, Many thanks ara2
due to Mr, Lee W, Gause of NADC for aumerous helpful technlzal Alscussinns sn
the subject of damages in composites,

Finally, sincere gratitude s expressed to Mrs. Shirley Cheesaman for her
patience and expert typlng {a prevarlag the manuscecint,

A. S. N. Wang
"hiladelohia, 1985
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NOMENCLATURF.

linear size of material flaws; a random variable

linear size of effective flaws 1a basic 9N°-ply

the ith element in the {ay} set

flaw size (= 2a,) at maximum energy ralease rats Gpay

maximum ay in the {ay)} set

linear size of effective flaws {n n 90°-plies zrouped tngether
the ith element in the {(a,)y} set

distance from laminate free edge

elastic ply strain, §{ =1, 6

laminats axial strain in the x-direction
critical laminate strala at ansat of an event
laminata strain at onsat »f delamination
laminata strata at anset aof N°=ply splittine

a function of variable *
a function of vartable =*
number of plies like fiber sriantation grouped trsether

radial coordinats ia (r, 6, 7)

spacing hatieen tun adjacent flaws i1 90°-ply
thickness of basiz material ply (= 2t)
Aisplacement la x-direction of the {(th node
displacement in y-diractlon of the (th node
displacement Ia z-Jdirection nf the tth node
posltion along the x-concdlnate

nositinn of the Lth effective flaw
thickness~qgise coocllnata

area of delamiaation

elastle ply stiffness constants

stealn energy celeasae rata coefficleat dne ty o 1

stral1 enarzy r2leasa rata coefficlent lne ty AT = -1°F or

AT = -1°C

strala enarcgy raleasa rata enefficlant lue tr couplod 3¢ and AT

Lonattudiaal >1ly modalus
transverse s1ly7 modulas
thicknass~-gise ply modalas
lamiaat2 axial mrdalas

oly straaqath paranztors, {, + = 1, 5

nodal farce 1a the x-1{-actinn

nodal force 11 the y-direction

nodal farce a the z-direction

cumalative Walbull functinan for T1aw slze 4 t3 n=1rounad »lies

10
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straln energy release rate

critical strain enargy release rate of material

strain energy release rat2 of a siagle crack without the
influence of shear-lag

energy releasa rate of modes I, 11 and ITIL

critical energy release ratz in mode-I

ply shear modulus in LT plane

ply shear modulus in LZ plane

ply shear modulus in TZ plane

stress Intensity factors, { = I, 11 and 1II

matarial coordinata longitudinal to the fibhers

nunder of effective flaws 1{a a unit lensgty of 19°-ply
fatlure probability in streugth g {n n-3zrouped plies

str2ss anergy ra2lease rata ratentinn factor

mat2rial surface energy

matarlal coordinate transverse to the fibhers

total straia energy la an 2lastlc body coatilalng a crack of
siza a

volnune of a unit matarial »ly

Valbull shape parametar for flaw distrilbutinan 11 basic IN°-ply
Vleibull shane naramat2r for flaw Adlstributinn 11 n arouned
pli=s

longltudinal »nly thermal expansion conefficlent

transverse ply thermal expansion coefficients

thickness-wise ply thermal axpaas{yr1 crefficlant

Welhull position parinstar for flaw Alstribution ia hasic
90°-ply

Weibull position parameter for flaw Alstribution 11 n arouned
pltas

ply Polsson ratin
ply Poisson ratio {n T due to axial loai {n I,
ply Poisson ratilo in T, due to axial 1lpat fa T

nly 2lastic strass, { = 1.4

lonattndinal >ly tansile strangth

transverse nly tansile strenath

spplied far-field stress

applied laminata stress {a x=liractlan

critical laminata strass At Ins2t of a cracklag avant

bly shearine stress; shearing stress (1 x7 »nlaine
angular coordtaate ta (r, 0, 7)

f1cremontal 1lnear crack exransty

tenperitire differance

minf{mi ~20rasentive value of a2 matar{al »ly
fncrenmsntal work Jdonu

coastants
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CHAPTER 1. MATRIX CRACKS IN COMPOSITE LAMINATES g

One major class of structural composites is fabricatad wusing untd{rec-
tional plies of resin-impregnated fibhers (prepreg tape), Thesa »reprzag olies
may be stacked in a certaln prescrihed orlentation sequence to achinmve the
reaquired structural properties when pressed to a laminatz, Tdeally, the
fibers would be orisntatzd primarily in the principal Inading directions with ,
the resin matarial serving only to bind the fibers and the vartous slies
together, Experiences have shown, howaver, that matecial “aflure a1 this
class of lamlnatas saldom begins with breakiag of the 1nad-carvylas fibers, ;
Rather, small micro-cracks flest osceur fa the rasin or {n the rasia-fiber
intarfaces. UYnder sustilied loadiag, thesa mlicroacracks cian form ln ficreasiag :
denslty and grow larger In slze. At stress critical lacatlons, coalascence of
the mlcrocracks can take place, formiag what is known as matrix cracks,

Recause of the lamiaata's iataenal relaforcement struactira, matelx cracks
are generally inhibit2d from nonotoniz nropapation, hat they tand to  fora 2 .
cracking pattara which 15 characteristic to the laminate (a question,

Experlments on laboratocy counons (sen, 2,7. [1]1) have estihilshed that

natrix cracking nvatraras ara genaric to tha »nly fiber sriaatitinns 1ad stack- A

ing sequence of tha2 laminata, The patterns arz2 essentially rz2oroductble {a
lamfaats replicatas suabjectad ty>  siaflar loading condlceions, Tt has »ftan
been suczestad that the baslec mechaalsms of mateix criacklas and the assoclatad

“yrm of  1aqlvtical

characteristic cracking nattera ara anenable  tH son2

Aescrlption basad sn the nrlacinles of mechant:s 7],
From the viz2upoiit of matartal straast’yy a2 crack forned {1 flbrous o=

sitas siznifies that the Wmit of local matacliil strearmtt has haea wecondad,

An anilysls of streaagth shonll ther:foe2 be cwmdictad at rhe nfrroscwmls seals

wher: the composits 15 Alstlactly a4 malti-nhas> antarlal, 1f tals 2lag i3

\'~ .J'.--';.q'.'f‘ .-".'\ -_~..‘;' ..;.\-. .
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followed, not nnly should the individual mechanical properties of the finers
the matrix and the fiber-matrix interfaces be {acluded among the iaportant
factors detarmining the strangth behavinr, but lncal anomalies of alther
geometrical or matarial origins, nor any other such quantities whosa imenstions
are comparahble to the fiber Jdlameter shouldi also he considarad, Ine najsr
difficulty with this viawpoint s that matarial anomalies ars caador in

nature, readering fruitless afforts t2 laclude thelr tdeatlty anl Ffacts 11

2

any detarministic form of analyslis.

Yet, microflaws do exist Ia composites and they remain the onriaary cause
of matelix cracking. Thelr prasence, or at least thelr a2ffects, must [n same
way be lacluded in the analysts,

An altecrnative approach i{s to 1ook upon the matrix cracklay nrocess as a
ohenomenological avent, Typlcally, the {adlvidual mat=clal »nlies ar2 vasmaried
as homogeneous nilsotropic bodiazs, In which the actual flher-mat-ix nicrno-
structur2 as well as the mlcro-dafacts all becoma (adistinguishable, Matarial
oroperty distinctlon (3 mafatalaed betwena plies of Jffarlag Ffilber sclanta-
tions, Thus, a transition {3 made fron 1 alcrosconic to 1 microscanti:z
description, with the rcajquirement that {mportant factors In  the nlaroscernic
reylne he ratalied In the macroscoplc repgine, In thls context, the onr:sance
and tie affects of matarial microflaws on matrix crackline arz raprasaated hy a
d{stribution of "effective” matar{al flaws, vith the affactive flaw 1lstrihu-
tinn charactarized a3 aa faharzaat  sroporty of the natarial oly, In o~ler ty
devalop a nat'indolaey basz2i o thls apnroich, Mouesisry 1 physlcal milersirain -
fng of the matrlx cricking mechantsns  at hath U alerosconizs and fe nire-

3copls secala {3 esseatial,

R S I, L P S

’_0 -y
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1.1 Physical Tharicteristics of Matrix Cracks

Because of the unique {nternal reinforcement structura of the constierad
class of laminatas, thera2 are only two hasic forms of matrix cracking when

via24ed at the macroscala, Suppose that the stresses {1 each ply of the

laminate ara threa dimensional [3]; then therz ara thrae in-ply stresses and

three 1aternly stresses, as shown 1n Flaure 1.1, Inder certala conditlons,
the {1-ply stresses may {aitiate and propasatz matelx cracks parallal tn the
fibars 1a that ply, known commonly as transverse cracks, Fiaurz 1.7, On the
other ‘'and, the {nterply stresses may iaitl{ata and propagata matrix cracks
parillel to the plane of the ply, or in the {atarfaca bhatween twn olies, The
latter L3 lahalz2d as delamination, Figure 1.3,

The wodal hehavior of 1lamlnatz matrix cracklng alaarly denends 91 the
relative dominance betsean the (a-ply stresses and the latarnls stresses. I
many  Instances, the stat=2 of the oly strasses chanras as 1oscal  2racks faem,
Then, a combliation of the tun Adiffersar srackiag foras can be tadncad,

Multinlicity ts annther anlque character of mtelx crackiav, This phono-
Aanon {3 13211 due  to the laminatas {at:eaal ~2taforcanent, Becanse of  the
f1lanentacy structar2 [1 each ply and the layeriae steuctarz 12 the lamfaata,
2 trix crack caaot, generqlly, anderuss gonotan!z nropiraation, The crack 3
likely to be arrest2d or blunt:d at 3ame ratafaorcenent houndary, This 2rcack-
arresting mechanism parmlts the applied 1oad ty lacraaze githogt st the
crick ty nropazata, The rasat  Is that  nather mtric crack Is {afelaeed
alsewhera [a the limfaata, In thils 1aner, 1 d-Joseadent nmiltinls ~rgek
formaation process i3 devaloned,

Trus, 1t i3 clear that the ohystzal ~haeacter Hf 1atric craettae s
{af lnencel stroarly by the lTamfaats's {ataryal and exraraal tesactries, {acla-

Hnr nly flbher oelratatinns, oly  thleknassea, a1y stiekine saqnanes qa)
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; laminata shape feature, etc, Consequently, any anayltical approach ta thls

problen must include implicitly or explicitly these pgeometrical factors.

2

=£ 1.2 Statistical Homogenelty and Ply Elasticlty

B The mathematical traansitinn from a nicroscopic descriptina to 1 macro-
b scoplc description of the composite laminatz {s made through th= concant »f
E{ statistically Thomogeaecous hody [4l. This c¢oncept applias to flhrous 2n9no-
:. sitas {n general and to the uanldic2ctional materi{al svstams ia partleonlac, Tt
5; fs assumed that the coastitutive properties of a unidiractional »lvy havias
)

E: arhbltrary flafte volume YV can be det2ecmlned fron the sane ntarial haviae o
* sniller rvepresentative volume AV, However, 1in order for the datermined
;; properties to be statistically vrepresentative of those {a volume V, the
‘zi minimum size of AV must he large enough to {nclude all possible varlations of
:i the composite microstriacturza, {ncluding flher packing pattecrns, oresance of
5: nicroflavs, etc,; see Flgure 1.4,

22 Within this context, two mwmutially equivalent anproaches can he takan to
?: characterize the constitutlve propertles of the anldirectinnal »ply., The first
§ approach 13 tn apply the methods of micromechanizss which describe the machani-
.; cal behavior of the composite of volume AV 1in tarms of the nrapertles of the
- fiber and the matrix phases as well as the geometrical configurations of the
;E fiber-matrix microgtriucture, An averase 13 then taken for the stresses and
S the stralas 1{n AV, wheraby a sa2t »of effective coastitutive propertles s
- obtained. By virtue of the stati{stically homagenenus body nostilation, these
;é effective propertles arz2 caparided as  the san2 fyr the antire mataclal svstan
Z of any arblitrarily laruge volume,

o

The other approach {s  ty datereniie phenomanologlzally  the effective

propertles of the mit2rfal »ly 1a a large uonlama 7 hy  diract 2xnariaenta)

.
A AR

measruaent, Then, nviing to the startzallv homaveneouas hadv postilate, thes»

P
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effective properties are assumed the same for aany arbitrarily small volume of
the material, 1including those in aAV.

Traditionally, the effective elastic properties determined by the two
different approaches have been treated as mutually equivalent. But, extension
of this equivalence to material streagth properties, and especially {its impli-
cations on the mathematical failure critecria have not heen critically iavesti-
gated.

Consider for example a typical graphite—epoxy system. Figure 1.5 shows a
cross-sectional view of the fiber-matrix microstructura enlarged 500x. The
thickness of the individual material ply {s 1in the order of 125 ym, whereas
the fiber diameter 1is about 3 ym. From the statistically homogenensus hody
concept Jiscussed above, the minimum dimension of a raprasentative volume AV
shoull contain several fiber cross-sections (say, 19). If so, the linear
dimension of AV is ahout 207 the thickness of the material »ly. It {s thus
sean that the physical size of AV 1s quite large comparad to the »ly thick-
ness. This vaises the sarlous question as to whether the ply homogeneity
assumption can adequately reflect the discrate fileld (microscopic) effects
when a crack-like failure propagatas (nside the thickness of the ply, such as
i{a the transverse cracks shown fan Figur2 1,1, Some of the questions ragarilag
the ply homogenefty assumption and the use of the fractura wmachani=s aporoach
do, indeed, pose conceptiual A1fflculties.

Consider the theocry of ply elasticity [5], an Important derivative of the
statistical thomogeneous body concent, The theory assumes linear 2lastietity
for the material ply, in additinn to the homogeneity assumntion, Specific-
ally, the generalized Hookes lLaw 135 assumed to govera the »nly constitutlve

relatfons:

(t.v

e e e T e e N
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wher2 the stiffness constants Cij are determined elther from a micromechanics
analysis method for a representative volume AV (see, e.g. [4]), or by a set of
experimental test methods for a large volume V of the ply materifal (see, e.g.
[6]1). 1In either manner, the determined constants Cyy are assumed a unlform
property for the unidirectional material system,

For laminates fabricated by stacking plies of Aifferent fiber orleata-
tions, the analysis aliows the ply material comstants t5 change abruptly
across the ply interfaces. Then, assuming a perfect bhondiag at the Inter-
faces, an exact analysis of the laminate stress field based on the ply elasti-
city theory can be performed ([3]. Such an Aanalysis prov{des the stress
distribution in each of the plies from which a suitable ply failure criterion
is applied to determine whether or not any of the plies 1s fafled by the
applied 1nad, Typlecally, the ply fallure crltecion 1s derived from the
conventlonal polnt-stress concept. For 2xampla, matarial oly fallure occurs
at 2 point in the ply if the stress state satisfies the following cclterion
(s],

F'U of o4 + F§ ug = 1 3 1,y =1,6 (1.2

The implication of this type of criteria is that the strength parametars
such as Fij and ¥y in (1.?) are constant throughont the material »ly. Consa-
quently, ply failure can occur »>nly as a statf{onary event, without regacd tn
any possihble modal and/or propagative hehavinrs,

This is clearly contradictory ¢ty the observed hshavior of matrix cracks
in laminat2s a3 matrix cracking 13 not 1 stationary event, Moreovar, matrix
cracking can occur a3 multiplz avents Jslthla one glven ply at  Atfferent ply
stress levels [1, 7]. Therafara, some a2 concept of fallura 1s needed, fronm
which a criterion appropriate foac matrix cracking {12 laminatss can  be

addcassed,
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1.3 The Concept of Effective Flaws

In order to include the non-uniform ply strength property 1in modeling
laminate matrix cracking, one frequently followed approach is to assume a
characteristic streagth distribution for the ply [8]. Strength estimation for
multiple failures in the ply can then be formulated based on some nrobahilis-
tic stress redistribution arguments. However, thls approach still does not
relate the modal or the propagative nature of matrix cracking.

As discussed before, the physical source of multiple matrix cracks is
attributed to i{anherent matarial flaws which distrlbutz raadomly throughout the
matarial plies, Through the homogenelty assumption made {n ply elasticity,
the physlical identity of the flaus are 1lost and their effects on ply failure
are not properly ratalaed.

An altecnative approach, however, 1s to r2prasent the physical matarial
flaws by a hypothetical affectlve flaw distribution at the macroscopic level
{9 - 13]. In this way, the basic stress analysls scheme can stitl he conduc-
tad basad on ply elasticity, but the elastic medium now contatas {maginary
flaws,

From this concept, it 1is assumad that a characteristiec distrcibation of
effective flaws thaving randomn stzes and 1locations can be detacmlned as a
macroscoplc property of the hastc material ply. It {s required that the
assumed effective flaws and thelr distributional charicter must ylald an
azgragata effect on ply faflure similar to that observed {1 lamiqats matrix
cracking. In this manner, fallures {31 the ladividual plies ara now 7ovarned
by the conditlions under which the effectlve flaws {adividually bacome natrix
cracks; the easuiag modal bhehavior of crack propagation and the multinlicity
of the crackiag events then constituta the ohsecved nhenomena at the nicro-

scale,
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As 1t will be demonstrated latar in some aexample problems, the effectlve
flaw distribution in a given matarial system can be rationally characterized
by a simple test, The characterization iacludes the form, size and 1locatfion
of =2ach of the flaws,

When the form, size and location of an effective flaw 1a a lamiaating »ly
are known, the mathematical conditinns governing flaw initiation and propaga-
tion as a matrix crack ara then formulitad on the hasis of classizal fracture
mechanics,

Let an effectlve flaw of known form In a considered ply be of size a and
location x, The stress stat2 survouand{ag the flaw can be data2emited {1 tarus
of the applied laminata stress g by m2ans of the pnly elasticity theory, The
critical 1incldence at +hizh the flaw becomes a matrix crack Is now dertived
from classlcal fracture maechanics, Tt w111 bhe assumed that the Flaw/crack
traasition 13 governed hy the fractura guantity, the straln encryy realease
rat2 G, at the flaw ti». Given the Form and lacation of the flaw, G can he
caleulatad tn tecms of the applied lamfaats straess ¢ and the flaw stze a [14),

The condition for the flaw to propagaca [aty a mtelx crack Is gluen by the

Sriffith criterion [15]

6(5, a)

]
D]

7]

(1.3)

wher2 5. 13 an appropriataly detaralaed matzareial toughaess foarc  the martlealar
mda of the crack propagation,

The crltlcal ltaminats stress Ug.p at the lacldence of flaw/crack rranst-
tion {3 detarinlned from “quatton (1.3), stven a and Ga. As for the Hronagia-

tion stabiliey, {t f3 then govaerael by the laequillity (ses alan [151):

')";( Ty a)

. s -

gk ]

-0 (1.4)
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Since the size and location of an effective flaw ars actually randon
variables, and since the use of Equation (1.3) in matrix cracking problens !s
limited to a known crack individually, use of Equation (1.3) 1in multiple
matrix cracks can lead to some time-dz2pendent stochastic processes, But,
before a stochastic simulation procedurs 1s developed, some hasic questions

regarding the application of fracture mechanics need to be discussed.

1.4 Application of Fracture Yechanlcs to Matrix Cracks

It 1is well known that the classical fracture criteria expressed 1in
Equations (1.3) and (1.4) apply only to brittle cracks undergolng stahble and
self-similar propagatinn [15]. Whether or not the general class of matrix
cracks considerad here fulfills these requirements nends careful analysis.
Most structural composites are made of brittle matrix matarial, such as apoxy
resin. Cracks in these materials can he considered brittie at bhoth the nmicro-
scopic and the macroscoplc scales [11]. In addition, an In-ply matrix crack
will always remain pariallel to the fibers of that »nly, while an [1tarply
mateix crack, or a delamination crack, remalias parallel to the only intarface
and propagatas mor2 or less Ia the same plane [11]. Thus, it would seem that
the basic requirements 1a applyiag %quations (1.3) and (1.4) to brittle, self-
gimilar matrix cracking can be fulfilled {a the maln.

However, use of the Ffracturs criterfa, nartfcularly FRquation (1.3),
requires consistancy batween the mathematlcal quantity 6(g, a) ani  the
physical quantity Gg.. Some details ralating to this question will he Als-
cussaed {1 the follnuing,

Consider first the right-hand stie of {(1.13). Gc¢ 1s a matarial tonhwness
property agaiast matrlx rupture, <hlch (3 detarmfaed by some suitable phonom-
enological axperiments, As such, the wmeasared S. frr a glven matactal systanm

may vary with a numher of  factors. Specifically, Go Ffoar untifrectional

]
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fibrous composites changes with the 1local matrix-fiber packiag geometry as
well as the presence of microflaws along the path of the crack [16]. But
these influenclag factors exist at the microscopic level and are not identifi-
able at the macroscopic level, As a result, the macroscopically measured G,
exhibits two pecullar characteristics. The first is the dependence of G, on
the direction of matrix crack propagation relative to the ply fiber direction
[11]; and the second is the dependence of 5. on crack extension Incrament, as
the crack propagates intermittently rather than continually {n real situations
[16]. Apparantly, both characteristics stem from the microscopically hetero-
geneous nature of the composite systenm,

The dependence of G, on crack growth direction ralative to the fibers has
been demonstrated in two experiments of mode-I delaminatinn 1n unliirecttonal
laminates [17, 13]. Figura 1.6 shows 21 delamination crack propagating in the
fiber diraction, whila Figure 1,7 shows a delaailnation crack propapgating
normal to the fiber dicection. Although the two types of delaminatinon crack
occur essentially in the same (ntarface plane, thelr correspondiag fracture
surfaces show different morphology when viewed at the mlaroscopic
scale, Hence, when G, 1{s deduced from a macroscopic measurement, the differ-
ence {s also consldecrable. The multi-valued natura of 3. for a crack propaga-
ting la the same plane hut in differant dlrections (3 not zenerally found {a
convantional metallic matarials,

As for the {intermittent, stop-and-go behavwlor of matrix crack propaga-
tfion, this {3 due to the fact that the crack path {3 often wandering 3cound
many €fiber Jiametars. Nthars have alsn attributed the phenomenon ty  the
viscoelastle bhehavinor of the matrix matacial, In any avent, G, woulil hava a
stahle value only 1f {t {s averaged over a finlta crack extansion Az, The

latter can be as large as several fiber 1lametacs and can he  latarpretatad as

1)
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the effective crack extansion. Such a character i{s inherant to the Ffibrous
matarial systam; no theoretical value for Aa Is available. Perhaps, Aa
discussed here and AV discussed in Section 1.2 have some common relationshis,
Now, the left-hand side of (1.3) pertains to the mathematically computad
G(5, a). The origin of G is traced to the theory of Griff{th [19], who postu-
latad that in a stralaed elastic body coatalalng a small crack of size a, the
stored elastic straln energy U will decrease if the crack extaends stably. The
decreased amount of the straln enargy 1s equal to the {acreassd free surface
energy of the extended crack. Thus, if S denotes the total surface enargy of
the crack, a halince of energy at the {acipient crack extansion laads ts the

following condition,

] S
-£-2 (1.5)

Tn common practice, the right-hand side of (1.5) is 1atacpratad as the
frrecovarable energy dissinpatad at the laclnolant crack extansian 1517, The
term would then {aclude such non-slastic quantities as lscal nlastic yl21ding,
viscoelastic dissipation, atc. Then, the resualtant quantity beconas reasur-
able only by phenomannlogical axperiment. This gquantity is comqanlv kaown a3
the crltical enecrgy release ratz Gq, whizh 13 mentfoned earliar {n Fquation
(1.3).

The laft-h'ad slie of (1.5) 15 calenlatad aathematlically hy means of sowne
alasticity boundary=valie solution methods (2.g9. [14]), which viva rlse to the
definition of

6(5, 2) = =5'1/32a (1.6)

The mathenmatical (aplication of {1.5) or (1.%4) {s that T {s 1 coatimtons
function of the continuous vartahle a, And, 1t laast the first anl tie aconld

derivatives of the function 1 axist for 1 > 2 20},

u
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But, this implication contradicts the actual physics of matrix cracks,
As mentioned before, matrix cracks extend intermittently with {Increments Aa
usually in the order of several fiber diameters [16]. Furthermore, G. could
be measured only as an average over the finite crack extansion aa.

In view of the above, it seems that 4(g, a) in (1.6) may be more appro-

priate {f defined as

- + -
G(O, a) = - U(a Aa) U(a) (1.7)
Aa
and the stability criteria in (1.4) as
G(o, a + pa) - G(g, a) ¢ o (1.8)

Aa

where Aa Is chosea appropriataly given the actual fibrous system.

It 13 noted that hetween the definitions {a (1.6) and (1.7), the orizinal
physical meaning 1s more or less preserved. But, mathematically, the right-
hand side of (1.6) iIs the tangent of -U(a) at a, while that in (1.7) 1s now
the secant of -U(a) from a to a + Aa; see Figure 1,8, The numerical 4iffer-
ence between the two could be significant depending on the farm of 'J(a) and on
the size of aa.

Clearly, use of (1.7) rather than (l.6) for the definition of 3(5, a) can
result in considerable controvaersy. For instance, the traditinnal concents of
crack-tip slagulacity and strass Intaastity factor X as a fractire quantity
[21, 22] may now raquire relatarpretation.

Tt {3 known that the developmant Hf the ¥H-concant was bhas21 on the
equivalence betwean ¥ and 5 for brittle crack in an elastle continun~ (721,
22}. The meaniag nf K represente the {(atensity of the sf{aonlar stress fleld
near the closgsest slefaity of the crack=tipn throaeh the seneral relartionshins

12
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(211
o14(r, 0) = §% fij(e) s 1,3 =1, 2, 3 (1.9)
where Kj, Ko and K3 are associated with the three modes of crack propagation,
while (r, 0) are the polar coordinates measured from the crack-tip; see Figurs
1.9.
The stress fatensity factors Ky can be determined In explicit tecms of

the applied 1oad o and the crack size a, in the general form
Ki(o, a) =g g4(a) (1.10)

The form of gy(a) depends only on the geomnetry of the crack aad the nhysical
detatls of the stralned body 1in consideration (see e.,g. [23]).
Jnder the assumption of infinitesimal 1ncal response at the crack-tip,

the stress intensity factors Ky are then relatad to the energy release rate 5

in the general form [20],
G(o, 2) = 354 Kn(o, 2) Xq(5, 2) 3 nyn =1, 2, 3 (1.11)

whera 9,5, are functions of the matertal stiffaess coastants 44 nnlv, Yence,
if Go 1s a matsrial property, the quadratic combiaatiim of K 's must 3lso be a
matarial property.

Use of K as a quantity f>rc ccrack growth implies that natarial sanaration
at the crack-tip region 13 detarunlned solealy by the elagtic strass fleld which
exists locally; and, this stress field {s adequataly reprasentsd by the stagn-
lar €unction in the g2naral form of (1,9),

Now, when appliad to matrix cracking, use of K may need relatarnr2tation,
The reasons are a3 follows, First, since the physizal justificati{on for the
R=-concept stams fcom the § - ¥ agquivalence, thelr mithematical relitionaily as

expressed 1in the general form {n  (1.11) hecomes tavalid {f G(g, a)  takas on
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the definition of (1.7) instead of (1.6). Secondly, siance K signifies the
{ntensity of a singular stress fleld near the considered crack tip vegion,
which 1s often very small in size, say about a single fibher 1ifametar, the
meaning of X may contradict the basic requirements of a finite crack axtension
Aa as well as the statistically homogeneous postulation. Thus, in orde-
describe the macroscopic behavior of the composite system, use of the K-
concept for matrix cracking may also require some naw {atarpratation from hSoth

a physlical and a mathematical constderatlion,

1.5 Cracks in Bi-Mat2rials Taterface

A related question concaens a crack that sccurs In the {atarcface hetueen
two plies of differ2nt fiber nrientations, According to nly elasticlty, thls
i1s a crack provagating 1a the (latarface of bonded dissinilar mat=rlals, The
quastion ralatas th the stress siagularity at the tin of the crack, In this
case, the singular stresses will coatala osclillataey components (sea [20]).
Consaquently, the stress lat:nslity factor X or the strali eneray rz2lease rata
3 cannot be computad exactly ia the classizal amannerc. The oscillatory natirs
of the crack-tip stress fiald {wplies matzrial nenatratinn, which {5 physiz-
ally 1inadaisstible, A modifi{cation of the classical Adafinition for ¥ is
possible 1f a partlal crack-tip closur: 13 {acluded i1 the calzulation [24],
Siace the osclllatorey part of the stress fleld exists oaly on a small scala,
the tnmportance of {ts Laflueace oa the physlcal quantity S near the crack-tin
i3 usually negligible [20],

The existance of crack-tin ozclllatory strassa2a {s attelbutad £y the
fmpossibility nof satisfying the zz2ro-1lasad houndacy conditions near the crack-
tin polat [20]. The problam ze~asz ty> bHe {nherant to the theory of Llinear

2lastictity. The nsclllatocy part of the alagialac strass  fleldi near 1 bi-

matacfal 2rack tin would disanpear {f a non-llnear theory »f 2lastieclitv {3
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assumed for the matarials [25].

In order to briag some Ffurther clarification to this problem, a recent
paper [26] has axamined a case where an adhesive layer of finite thickness is
introduced in the ilnterface of two dissimilar plates. A delamination crack is
made to propagatzs laside the adhesive layer. TIf the adheslve layer is elastic
and homogeneous, then the crack-tip stress singularity will coatala no oscill-
atory compoaents, The strain energy velease ratz2 G in this case can bhe compu-
ted in the conventinnal manner provided the various wmaterial intecface condi-
tions are lacorporatad i1 the computation, When the adhesive layer thickness
s reduced to nearly zeco, the comput2d G uniformly approaches a1 Ffinite
quantity, see Figurs 1.10, It would thus seem that the oscillatory stress
field of 1 bi-matertal ~rack 13 not an 13sue for delaminatinon analysis,
narticularly 1in view of the raquirement of the statistically homoganeous hody
concept.,

4s demonstratad {a [26], for a delamination crack hetween tun plies of
different fiber orientations, the mixed-mode energy r2lease rate G can also be
adequataly calculatzd by a2 fialte elemant wmethod which disezgarls the stress

singularity altogether,

1.6 The Finite Flament Procedures

From the classizal fracture machanlcs viewpoiat, hoth the G-=coacant aad
the K-concept ar2 equally apnlicahle to belttle crack propagition problams,
Relative eas2 fa computition 135 often  the raason diztating whilzh one  HFf the
concapts s amployad, In the cas2 of crack Ia netals, the ¥-coacont has
traditionally been praferred.

When a ecrack 1s sltuata2d (1 a hady »f  complax hoandarias, auniesteal

arocedures such as  the nontamporirv flalte elament tachnljuas ar2 frequaaeatly

used, In thls casae, the computatlion of 7 {s usually stmpler than e conduta-
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tion of K. In elther case, uncertalinties over numerical accuracy often arise
because of the numerical technique used to approximate the sinpular stress
field,

These concerns, however, ara largely removed if the discrete form for 4
as expressed by (1.7) {is computed. But the practical question remains as to
the proper definition for the effective crack extension, Aa., This question is
related to the inhereat character of the physical material system, It can be
answered only by experience aand experiment. Except for the uncertalnty over
the choice of Aa, the fiaite element technlque i3 a useful and direct means
for computing G, as expressed in the form of (1.7).

Figure 1.11 shows the finite element represeatatinn of a plane crack in a
2-dinensional solution fileld, Here, the tip of the crack of 1lensth a i3 at
node c. Given the apolied far-field 1oad'g, the entfire elastic stress fieli
can be determined wlthin the framework of the finite element wethod. The
solutions not only include the stresses and displacemants {at the nodes) bhut
also the total strafn energy stored in the body, U(a). Then, hy 1 properly
chosen incremental crack extensinn A3 11 the direction of the oriztaal crack,
the node ¢ 1s opened up latn two separate nodes f and g, wherahy the ccick tin
advances to node h, With thls new crack confliguration and hy kzepntlae the far-
field condittons unchangad, a new solutinn Is ohtalned whliech yl211s the
displacements (u, v, w) for nodes f, ¢ and h, as wall as the storred stralna
eneryy U(a + Aa). This stan r2adtly ylelds the strala energy r2lease rata
(g, a) as defined fa (1.7).

If the finit2 crack extension Aa ls closed hy rvzaquletag the nndes £ anl o
to return to  the ortlzlnal position of node ¢, the finfte olaneat <o¥atfon
ylelds the nodal forces (F, Fys F;2) nended thr clase nolas € and o thoether,

The work done 1a closing the crack extansiin Aa ts then afven he

RN
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AW

1/2 [Fy(ue - ug) + Fy(Vf - vg) + Fplup - ug) 1 (1.12)

According to the work-energy equivalence priaciple [22], the strain
energy ralease rate during the finite crack ext2nsion A3 can be alternatively
defined as

G(g, a) = AW/pa (1.13)

Expression (1.13) zives the same results as (1.7). But, the advintasge of
the expression In (1.13) is that it also gives the modal componeats {n © If
the crack propagatlon 1is in mixed-mode. Thus, by way of (1.12), Equatinn

(1.13) takes the form,

G(o, 3) = G1(o, a) + Gry(s, 2) + Syrla, ) (1.14)
where

GI(;’ a) = FZ (Wf - wg)/Z/\a
G[[(;, a) = Fy (vg - vg)/ZAa (1.15)
GI[[(G, a) = Fy (Uf - ug)/ZAa

By successive opening and closing of the nodes along the crack vropaga-
tion path, the quantity G(;, a) can he caleulatad as a functlon of the crack
length a,

This technlque was apparantly flrst applied to delamination cracks 1
laminat2s by Rybicki and Xanntaen [27]. It was later extanded to stnulate
trangvarse cracks [9] and contaurad delamination t1 3=-4inenstonal stress fileld

by Wang, 2t. al {28].

1.7 Summary
In thls chapter, several basiz physical mmd mathenitlieal  zoaczpts have
beea Alscussed, Thes2 ara pertlneat tH 4 comslstant develonamant ofF 1 fallure
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analysis methodology for matrix cracks in composite laminates. At this point,
a summary discussion of these concepts 1s briefly presented belouw:

(1) Matrix cracks, their initiation, nropagatlon and interaction consti-
tute a complex failure process In fibrous composite materials. For the class
of laminates that are made by stacking unidirectionally fiber reinfocrced plies
of different fiber orientations, the matrix cracking patterns ars generic to
the lamination geometry and the nature of the applied 1load. The general
cracking process 1s seen tn follow a certaln mechanistic rule, and the problen
appears to be amenable to some form of analytfcal description.

(2) When viewed at the macroscoplc scale, a matrix crack can be classi-
fied as nne of two fundamental forms. The i{a-ply crack which separates
through the thickness of a ply Is confined to propagate parallel to the flbers
in that »ly. The {iaterply crack, known also as delamination, 1{s propasated in
a planc narallel to ot {aside of »nly interfaces. Both may be considered as
self-similar propagating cracks at the macroscale,

(3) When viewed at the microscopic scale, {.e. with precise fiber-natrix
structure taken {atn account, matrix cracks are thought ta orisf{aat> fron
material flaws whlich exist randomly efther 1in the matri{x phase or o1 the
fiber-matrix interfaces, The individual propagation and mutual cnalsscance of
these flaws lead tn matrix cracks of large proportlon, which ara then obhserve-
able at the macroscals, The (aftfatlon and growth behaviors of matelx cracks
at the macroscala depend f(atrinslcally on the lacal Jetalls of flaw growth and
flaw coalescence. These 1ncal detalls, however, cannot he oractizally
modelled because of the nmultiplicity 4ad the nrobahilistic nature of the
matar{al flaws,

(4)  The azxceptad theoretlcal hasls for  stress nd fallure analvsls of

composite laminatas his  been the concent oAf statistleally hoaodtenesns hody,

13
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From this concept, the theory of ply elasticity has traditionally been derived
and applied. But, this theory compromises the presence and the effects of the
matarial flaws on failure. Consequently, these microscopic effects cannot he
recovered rationally in the ensuing stress and failure analyses in the conven-
tional manner,

(5) In order to overcome the predicament caused by micro-macro translo-
cation of the material flaws, an alternative approach is followed. The
approach is to work within the realm of ply elasticity, but to laclude the
presence and the effects of the matarial microflaws Ia the farm of assumed
effective flaws. Specifically, given a finite volume of the basic ply matar-
1al, 1t assumes that a chacracteristic distribuction of effective flaws can be
1dentified which has the equivalent effects as the latrinsic flaws that exist
at the microscale, Although the existance of the effectlve flaws 1s hypothe-~
tical, they nevertheless provide a viable alternative for modelling matrix
cracks at the macroscala, As such, the assumed affective flaw distributinn
reprasents 2 macroscopic ply property,

(6) The tatroaductinn of the assumad affective flaw distributinn ant only
retains the probabhilistic aad the multiplistic chacictzristics of the matrix
cracking process as a whole, it also enables the dascription of the propaza-
tive behavior of the {(adi{vidual matrix cracks themselves. Specifically, the
individual flaw 13 treated as a crack whosa propagation mechanisms {5 governed
by the criteria derived from the thency of linear 2lastie fracture mechanics;
the collective bahavior of a distribution of random flaws i3 then treatad by 13
method of stochastle processas,

(7) MWithin the lngical contaxt outlinad ahova, two problenms of funiamen-
tal nature arise, The first is relatad to the actual characterization of the

effactive flaw distrlbution, glven a finlte volume of the nly matarial, Ry
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definition, this distribution can be characterized only by phenomenolosical
meaas, And, as such, a coasiderable amount of empiricisms would be involved
in the characterization. This will undoubtedly pose uncertainties as to the
uniqueness and the raliability of the determined flaw distribution as a ply
matarial property.

The second problem coaceras the coansistency betseen the physlzs and the
mathematics assoclated with the crack propagation criteria used., 9n one hand,
the theory of elastic fractura mechani~zs assumes that crack bpropagation 1is
governed by conditions which exist iIn the closest vicinity of the crack-tip,
where the dimenslion of the region of interest 1s often smaller than the

diameter of a single fiber, or the actual size of a microflaw, Nn the other

hand, the actual physlcs of matrix cracklags seems t> tadicata that nlcroscopic

activities near the crack-tip may axtand over a region larger than
several fiber cross-sections.

(8) To alleviatz these difficulties, a modiffcatina of the classical
criterta of crack propagation Is proposed, Namely, only the effectlive frac-
ture quantities are defined and used, In particular, a discret2 foraw, or an
averaged value of the 3train enerzy release rate G ovar a fFinlte crack axtan-—
sfon pa 18 defined, sees Fquation {1.7). The cholze for the proper slze of the
crack extansion Aa will depend on s:uch factors as the size of matarclal Yetaro-
geaelty (e.g. fiber llametsr, microflaws, eotc.) {a the actaal compasits systan
and the lamination fahrication vartables,

Jsiag the coacepts nreseatad ahove, the fractiure description for nmatrlx
cracks may be augmantad by 3 nqumerteal Fialte alanant slaulation, Aagalast
thls bhackground, aa 31alytical methadology 1z nrasentad aad apnlied ty s202ri)d
natrix cecacking oroblanm;., Concurrent axparinants hava  hesn  coadactad to
21j1dlcats the theory, Yost f  the 1:talls ar2 presaatad {2 the follouwinag

chaptacs,
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. Figure 1.1 Laminate Coordinate and Stress Field.
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0°-PLIES -————{Eﬁd; P ) TRANSVERSE CRACKS

90°-PLIES I e
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Figure 1.2 Intraply Crecking (Transverse Cracks) in a Cross-Ply
Laminate,
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Figure 1.3 Interply Cracking (Edge Delaminate) in a Multi-Ply
Laminate.
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Figure 1.4 A Microscopic View of the Unidirectional Svstem.
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Figure 1.5 Cross-Sectional Photomicrograph of a Graphite-Epoxy
Unidirectional System.
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Figure 1.6 Matrix Crack Propagating Parallel to the Fibers,

Figure 1.7 Matrix Crack Propagating Normal to the Fibers.
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Figure 1.8 Classical Definition of G versus G* for Finite lLa.
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Crack Tip

Figure 1.9 Crack-Tip Coordinates for a Crack Propagating
the x-y Plane.
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a + Aa

|

Figure 1.11 Finite Element Representation for a Crack
Propagating in the x-y Plane.
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CHAPTER II. ANALYSIS OF INTRAPLY CRACKING

2.1 1Intraply Versus Interply Matrix Cracks

As was seen In the previous chapter, strictural composites made fronm
laminataed unidirectional plies frequently suffer matrix cracks well before
final 1laminate rupture. These matrix cricks can develop into damage zones of

various degrees of severity under service loading.

To visualize the physical natur2 of materix cecacks at the macroscale, it
is useful to examine the sketch in Figure 2,1. Individually, each unidirec~

tional ply is highly anisotropic. For example, the ply stiffness in the fiber

o
.
-
.
.
+
L]

direction, ¥, can be orders of magnitude larger than the stiffness normal to

the €fiber direction, %r. Similar differences also exist between the la-ply
N Polsson riatios vyt and vy, the thernal expansion coefficients 1n the longitu-
‘ dinal direction o, and the transverse direction, ar, etc., Table TI-1 shouws
the disparity between the fiber dominated and the matrix daniaatad effective
ply properties of a typical graphite-epoxy unidirectinaal systaam,

Clearly, the ia-plane pcroperty mismatch bet.reen plies of differeat fiher
orientations can cause complex Ia-ply and {aterply stressas when the nlies ara
laminatad together. The thermal 2xpansi{on mismatch betwana plies {n laminates
cured at hizh temperatur2 will resalt 1in considerable thermal restdual
d stressas upon cooling to amblant tamperitiarva, Likewlisa, a misnatch of stiff-

ness and Polisson ritlo between plies complicates the laminats strass field

Pl 2 N

when extz2raal 3ervice 1oad 13 applied,

Since the ply tenslle streagth trainsvaerse ty the flhers 1s usuallv aclers
of magnltude snaller than the streagth 1 the finer lirectlon, (sec 2,9, Tahle
I1-1), matclx cracks due to [1-ply tanslon a7 ot Litarnly tanstim o, fregqaent-
ly occurs f{lrst, But, whether an {atraply matrix ccack  occurs H2€sre an
fat2eply matrlx crack la a glven lamfaat2 denanis o1 the laminat2 vesetrv and
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the exact nature of 1loading. Particularly, geometrical factors profoundly
influence the laminate's in-ply and intarply stress flelds.
To {llustrate, compare the following two cases between the [7/90]5 and

the [+25/90]g laminatz coupoas:

The [0/90]g Tensile Coupon. Assume that the [0/90]g laminatz coupon 13
long and {s loaded uniformly in ax{al extensinn, ITnder such a condition, the
laminate stress field i3 independent of the axial cnordinata x and the three-
dimensional laminate stresses can be analyzed by a two-dimensional generali=zed
plane straln formulation {n the y-z plane, This problem has originally been
treated by Pipes and Pagano [30]; and a latar treatment using a sepclal finite
elament method was carried out by Wang and Crossman [31].

Now, let the mata2rial system be T300/934 graphite-epoxy systam (see Tablae
T1I1-1 for ply properties) and consider the stress fleld {nduced by an applied
far-field strain,';x = 1 pa. The dominant in-ply and {atecply stresses in the
90°-ply are sketched in Figure 2.7. It {s s2en that the tenslle g, stress s
due to the applied tension, while a coapressive oy stress Is caused by the
Poisson ratin mismatch hetwseen the 7°-ply and the 90°=ply. 9n the other hand,
the tansile o; and the shearing 1y, stresses are effected hy and coacentratad
near the laminats free edge [30], Fizure 2.3 shows the ¢, dlstribution on the
laminata aid-plane (90/90 {ntearface) as a functlon of 4istince from the free
edse. Not2 the sharp rise {1 majnltude for 5, neir the lamiaatz free adge,

In this example, the nuamarical valae of the la-ply stress gy {1 the 90°-
ply 1s ahout 11.7 Kpa per 2, whllae the aaxinua 1, stress near the Ffrea adae
ts lass than 2 Kpa per u=. Tt s clear hy comapiarison that (a-ply matrix
cracks (traansverse cricks) cauased hy J¢  ar2 likely to ocenr {a  the 7M7-ply

before the edye strass g, laduced {atarply delamiaation,

P AR At Sl BAG atl ahdh il e st ebi el ares vt ek gy
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»

The [*25/90]5 Tensile Coupon. Now, consider the [+25/90]g coupon under

similar situation. 1In this case, the :?5°-plies as a unit has a smaller axial

stiffness, but has a larger In-plane Poisson ratio Vxy * Consequently, bhoth
. the {n-ply and the interply stresses near the free edge region are consider-
ably altered, especially the intecply stress g, near the free edge region
which increases dramatically in value. As seen in Figure 2.4, the value of g,
at the free edge 1s about 20 Kpa per ue, a ten-fold iacrease from the nrevious
example,

On the other hand, the {a-ply tensile gy stress in the 90°-ply remalns

aa AL AP

about the same at 1l1.7 Kpa per ue. Hence, it may be Iaferred that finterply
cracks in the form of edge delamination in the 90°/90° 1interface occurs before
the traansverse cracking {a the 90°-ply,

As both the in-ply matrix crack and the iaterply matrlx crack ara local-
1zed failures, the occurcance of one may precipitats the occurrance of the

other. In the followiag, however, the basic mechanisms of these tun basic

o W om f

forms of matrix cracking shall be exaunined separately,

AA

2.2 Physlical Characteristics of Intraply Cracking

4 Consider first the physlcal characters of {intraply matrix cracklng.

Take, for example, the {2/90]; type tansile coupoa discussed ahove., Because
P of the relatively small intaclaminar 2dge stresses, formatifon of @atrix cracks
f3 largely, if not =xclusively, tastde the thickness of the 90°-plias {2 the
form of traasverse cracks. It ts thus possible t5 use this exanple and
examine the crackiag eveats without regacl to the tafluenca of laminate free

edge effects,

5 e o 8 B oA %

The dnset and Growth Charicteristics. When viewed at the macroscontz

scale, the formatfnon of a transverse crack In the M°-ply 13 staply a1 sindden

separati{on of the collimatad fihers that lle norqal to the anpliad tanston,
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Within a single speclimen, numerous such cracks could form as a sequence of
load-dependent events; onsat of the first crack occurs when the applied load
reaches a certain critical value, and similar successive cracks emerge as the
applied 1load increases. Experimental records by x-radiographs are shown in
Figure 2.5 for a2 [0/90]g coupon under monotoni: tension. The pictures show
the emergence of transverse cracks as a functlon of the applied lnad. From
the photographs of this kind, a plot of the traasverse crack density (cracks
per unit coupon langth) versus the applied tension can bhe ohtalaed.

Figure 2.6 shows a family of such experimental plots from tests of
T300/934 [0/90,/9] laminata series with n =1, 2, 3 and 4 [32], Except for
the laminate of n =1 for which no visible transverse crack was detectad
before final laminate cuptura, all three cases (a = 2, 3, 4) yielded distinct-
ive transverse crack dansity vs. applied tansinn r2lationshipns. This data
shows that the 90°~ply traasverse cracking process possasses hoth a probahil-
istic and a deterministic character. Specifically, the occucrence of any one
individual crack is highlv probahilistlc, while the averall crack development
process, iacluding the {aitiati{on lnad and the crack density vs. 1oad rela-
tionship as a whole arz detacministic,

Several geometrical €factors wera found tn Lafluence the characteristies
of the crackling process [32]. In addition to the luminate stackiag sequeance,
the actual thickness of the 7M°-plies (o5r the numder a) also lafluences the
cracking behavior. This can be saen from the data {1 Figur= 2.6, whlch shows
that a1 thlaner 90°~layer 13 capahle of reaching a higher crack density than a
thlcker 70°-layer. Also, the critical tenstile strafa ;cr for the onns2t »f the
transverse crack process decreases with lacreased M°-layer thickness, sea2

Table T1-2,
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The Kinematics of Crack Propagation. In order to develop a descriptive

model for intraply cracking, the kinematics of the ladividual crack propaga-
tion must first be understood. DNesplte numarous experiments, the exact nature
of the 90°-ply transverse crack propagation is unclear. From macroscoplz
observations, it has been suggested that the crack might {aitiate Ffrom a
cluster of flaws which lie thickness-wise in the 90°-ply. As load reaches the
critical value, a sudden coalascence occurs accompanied by audible acoustic
emissions (see e.g. [33]). This dynamic character may be due to the very
rigid axial stiffness of the 0°-plies constralning the flaws In the 70°-ply to
propagats primarily 1n the thlckness direction, The propagation s, however,
fmmediately arcested or blunted at the /90 interface, see 1{llustration in
Figure 2.7.

The thickness-wise crack propagation 13 meraly coajectura, thouzh It
conforms to the phenomenonological bhehavior observed experimentalily, This
conjacture provides a basis for definiag and characterizing the "effective”

flaws, as well as for slmulating the multiple cracks propagation process.

2.3 Representation of the Rffective Flaws

For practical purnose, assume that the la-ply "effective™ flaus ar2 one-
dimensinnal, bheing orientarad in the nly thlckness direction as tllustratad (a
Figure 2.3, The linear 3lze of an {adiv1l4dual flaw 1s denotad hy ?2a, whlch is
bounded by the tntal thlickuness of the 99°-plies, 2nt, The ra2lative spaclap
hatween any two adjacent flaws i3 denot2d hy 3, whlch can be  dataealned hy
thelr relative positions (xj41 - %¢). Heace, hoth a and s ara ranl, nositive
random vartables, Given the laminata, the distrlbution function €(a) ani the
distribution function f(s) ara sufffciant to define the charictaristics of the

flaws {n the IN°-plies,

As will be shown next, the distribution function f(a) and f(s) in
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laminates with grouped 90°-plies can be obtained in terms of the flaw distri~
bution functions of a single 90°-ply through a statistical volume-theory.
Then, it 18 necessary only to characterize the flaw distribution fuanctions of
the single 90°-ply as a basic ply property.

Effective Flaws in Single Material Ply. Let 2t he the nominal thickness

of the basic 90°-ply. For a unit length of the 90°-ply, say 1 cm long, let
ther2 be M effective in-ply flaws which 1ie thickness-wise and distribute
randomly along the 1 cm length, Figure 2.8, Tf the half size of the ith flaw
is denoted by (ag)gy and fts 1location 1s denoted by (x,)g{, then the sets
{(ag)1} and {(x5)1}, 1 = 1, M characterize the in-ply flaws of the 90°-ply of
unit leagth (1 cm),

Now, let the set {(ay)y} be represented by a Weibull distribution of the

continuous variable a, ia the form [34],
a
Fl(ao) =1 - exp [-(ao/Bo) 0] (2-1)

where o, and B, are the shape and the scala parametar of the cumulative
distribution Fy(a,).

In the mathematical form of (2.1), the variable a, extands from 0 to =,
But, as a practical matter, a, must be hounded hetween 0 and t, For instance,
the l-percentile of 3, should be greater than 0 and the 99-percentile of a, be
smaller than t. Then the fsllowiayg constralats on the values of a, and 3, may
be Lmposed:

[(0.01)1/%] By > 0
(2.7)

1
((4.5)" % By <t

The characterization of the {n-ply flaw slze distributinn then radacas to
detacmining the namber * and the parametars 4, and g,, suhjected tr the

possible constralats 11 (2.2).
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As 1t will be shown next, the distribution functions f(a) and €(s) in
laminates with grouped 90°-plies can be obtalned in terms of the flaw distri-
! As for the flaw spacing distribution f(s) or the location set {(xg)i},
‘ 1 =1, M, 1t is often sufficient to select a suitable random aundber generator
that gives a set of M raundom values betwseen the {iaterval (0, 1). These random
values then coustitute {{xq)1{}.

Effective Flaws in Grouped Plies. 1In laminata2s of more than one 99°-ply

grouped together as {1 the [0/90,/9] family when a > 2, the effective flaws Ln
the grouped 90°-plies arz2 not the same size as thosa {a the siagle 9N°-ply. A
simple scheme may be used tn detarmine the effective flaw slizes in the grouped
90°~plias, given the flaw slze distribution of the slagle 99°-ply.

The schem2 13 based on a statistical consideration of 1increased volume
[34]. 1t may be perceived at the first glance that the grouped 90°-plies
wouli behave as n 1adilvidual plies arraanged {1 parallel, sinilar to a hundle
of threads 1loaded in unlform tension [35]. However, because the plies ar2
N laminatad together, fallure of any one 9)°-ply may lead t» unstahle propaga-—
| tion through the thickness of the grouped 90°-plies. ~Consaqueatly, €allure of
the grouped 90°-plies more likely behaves as n plies arranged in serles,

. Assume that for every unlt length (1 em 1long) of the I°-ply, there
exists a discrete tensile streagth distributton, {(o5)4} t =1, M; the set

. {(op)1} is assumed to he relatad one-to-one with the effectlve flaws ({(ay)q}

2 through the linear fracture machanizs law:

s

- (0o)1 = K/W(ag)g ; Lt =1, M (2.3)
! where K 13 some constant,

; Now, let the {(go)y} set he rapresentad hy 3 Welbull falilure probadility

function of the coantinuous vartable g,

- ¢ ]
1 = 2xp {-(s0/35) o]

P1(00)
(2.4)

L SN e
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o
%, - —
o The parameters a, and By in (2.4) are implicitly related to oy, B, and K
A
- in (2.1) through the relatioaship of (2.3).
i'.
;5 When n 90°-plies grouped together, the probability of failure based on a
‘l
oy in-geries arrangement i3 glven by,
: Pn(O’o) =] - [1 - P]_(O'o)]n (2-5)
B which, upon substitution of Py(gy,) in the form of (2.4), leads to the Weibull
function:
¢
1 —
d -
. Pn(Oo) =1 - exp ['(Oo/Bn) n] (2.5)
4
. whera _
; - - - - 1/a
;‘ on = ag 20d B, = Bo(1/n) o (2.7)
¥
)
" The sacond result 1in (2.7) suggests that the characteristic failure
parameter Eh of a 90°-plies ia group is determined by ;b and Eb of the single
Q
) ply streagth distribution in (2.4). In fact, the same result for Eh can be
F
b obtalned 1f the grouped plies are assumed to behave like a hundle arranged in-
|
; parallel if the number n in the bundle {s small, say n < & [36].
J In view of the specific rvrelationship between the strength g, and flaw
‘ slze a,, Equation (2.3), it may be assumed that the effective flaw size
distribution in grouped plies obeys a volume-rule similar to (2.7). Thus, let
;' the effective flaws of n 99°-plies 1{a group YSe rapraseated by the raandom
q variable a,; and a, 13 determined from a, aadl oy of the single ply by the
7 relationship,
2/«
an = a5(n) ° (2.8)

As for the locattoan distributlon {(x,){}, 1t 1s assumed unchangad for aay

nunher of 90°-plies zruuped together.
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It should be emphasized that the volume-law (2.8) for effective flaw size
distributfon in grouped 90°-plies 1is only empirical and should therafore be
regarded as tentative. Its usefulness remains to be experimentally verified.
Further, research bhased on microscopic examination and statistical mechanics
is needed in order to define a flaw representation scheme on more rigorous

grounds.

2.4 Shear-Lag Effect on Crack Spacing

When a 90°-ply traansverse crack is formed, the 1local tensile 1load
formally carried by the 90°-ply 1s now transferred to the adjacent 7°-plies.
Because of the interface boanding strength bhetween the N° and the 90° plies, an
interlaminar shear stress 14, s developed near the traansverse crack teemini,
see Figure 2,9, This shear stress i3 in fact siagular at the crack root hut
decays exponentially a distance away. As the shear stress decays, the ia-situ
tensile stress ox i{a the 90°-ply regains its far-field magnitude,. The "size"
of this local load-traunsfer zone, known also as the shear-lag zone, i3 roughly
proportional to the total thickness of the 90°-plies which contala the trans-
verse crack. For the [J3/90]5 type tensile coupons considered in this sectlon,
the shear-lag zone 1is about 3 times the tatal thickness of the 90°-plies
(371.

The effect of the 90°-ply transverse crack I3 that it alters the stress
stats locally., If a 90°-ply flaw {s located near the traasverse crack, or 1lle
iaside 1{ts shear-lag zone, the flaw will become lass llkely to 1attiata aand
propagate latn a crack. If the flaw 13 locatad outslde the shear-lag zone,
then the presence of the nelghboring transverse crack will not have any effect
on the hehavior of the flaw. Hence, the shear-lag affect indirectly regulatas
the spaclng of transverse crackas, Thisz effect ¢an he seen froam the crack

density versus load relat{onships, 2.g. shown I1 Figure 2.46.
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Clearly, it i{s important to ianclude this shear~lag effect either impli-

citly or explicitly in the predictive model for multiple cracks.

2.5 Formulation of the Simulation Model

The essence of the predictive model 1is that the transverse cracking
process 1is regarded as a sequence of local events which occur duriag the
course of loading. Each event is a fracture propagation problem involving the
growth of a certaln effective flaw into a transverse crack, The conditions
goveraing the individual flaw growth depend on the local stress state surroun-—
ding the flaw. This also 1iancludes the effects of shear-lag =zones and the
concurreat cracking state in the 90°-ply. Since the sizes {aj} and locations
{xq4} of the flaws ara raadom, the exact order of the cracking events is
actually stochastic in nature.

In what follows, a probabilistic simulation procedure derived from the
Mont2~Carlo search tachalijue is presented for the transverse cracking process,

Nnset of the First Crack. Consider the [7/90]g type laminate coupon

under uniaxial tenston, Assume that ther2 ac2 ™ effective flaws 1In a unit
length of the grouped 90°~-plfes. The sizes of the flaws (= 2ay) ara represea-
tad by the set {17} and their locations by {x3}; 1 = 1, M. Tn this case, all
flaws are one-dimensinnal and 1lie thlckness-wise in the 99°-plies, as shown la
Figure 2.8.

Under the applied laminate tension, say a uniform tensile straln Z‘, the

lacgest flaw in {ay}, apay¢, Wwill be the first to pcopagate Llnto a transverse

crack located at xk, The critical valiue of (24).r for thls to happen thus

defines the onset 1load of the transverse crack evaeats,

The determination of (2,)cr U3 essentlally a fracture mechanines probdlem,
As postulated earlier, the tndividual effective flaw would behave a3 12 small
crack., Inder the applied tension Zx and posslbly also a uniform temperatire
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drop, AT, due to laminate curiang, the flaw of size 2a; would undergo mode-I
0

propagation. The energy release ratsa GI which 1s available at the flaw-tip

can be calculated by means of the 2-dimensional generalized plane strala

finite element crack-closure procedure as outlined 1n [11]. Thus,

o — - ——
G, (ex,AT,ag) = [VCq * ey + VB » ATIZ (2t) (2.9)

where Co, and Ctp are coefficlents depending on the value of aj and the proper-
ties of the particular laminate in question; they are iandependent »f the loads
ey and AT. The quantity (2t), which {s the thickness of one ply, vepresents
the linear scale of the finite element model. That is, in the finite element
model, ply thickness 1s set to a unity,

Onset of flaw propagatioa Is goveraed by the criterion (1.3), vielding,
o .

If AT is given, 1t follows that the critical (ey)., for the formation of the
first teansverse crack is determined from (2.10) by setting ajy = 3,54, yield-
ing

| /BTai3e - Gy - At

(e)er = o (2.11)

The Propagative Nature of Transverse Crack. 1In order to see the propaga-

tive behavior of a1 flaw from its laltial size 2a( to a full traasverse crack,
it 1{s useful to examine the behavior of 3: i1 (2.9), which Is a functlon of a.
Figura 2,10 shows the mode-1 energy release rata, G:, nlotted agalast a,
typlcally for [0/90]; laminates under :unlaxial teastion.

It 1is seea that the avallable crack=tip enersy release rate ls a non-
linear function of a, The general hehavior {s that it increasaes sharaly from

initial value of a5 and reaches a maximum at about 3/4 the half thlickness of

41

-* '-'.:~' Y 5'1" :vf'-‘ '.',;-\'-: = .; e RO




£

&,x". oY

ELYN

-

s & o
.’1{;'1'(Jz'

LA

yoe
atatea

.
e

Qe
)

'l “l {l .'(’ ’.‘ﬁ -‘

s s

NADC-85118-60

the 90°-plies (= nt). After this point, a decrease {a G: 13 effected as the
crack propagates near the 0/90 interface. Presumably, the crack is then
arrested at the interface.

If the {nitial size ajy Is smaller than 3/4 of (nt), onset of propapation
13 determined by equating G: (agy) to Gy. according to (2.10)., When the flaw
size starts to {increase from aj, the available G: becomes larger than 7y..
Counsequently, the propagation 13 unstable, accordiag to the stability criter-
fon of (l.4).

The excess energy (the shaded area in Figure 2.10) released durlag the
unstable propagation may result in 1local damages at the 0/90 {intarface near
the crack termini, This subject will be further discussed in a later chapter,
But, it 1is noted that the amonnt of the excess energy Increases with the
aumber of the 90°-plies, n. It may thas be iaferred that the lavel of damage
following the transverse crack arrestment at the 0/90 {interface {ncreasas with

the number of the 90°-plies grouped together.

Simulation of Multiple Cracks., 1In the foregolag, the conditions for

determining the critical onset load for the first transverse crack have heen
established, After the formation of the first crack, all future cracks will
form from the ramaining flaws. But, the stzes of the ramaining flaws are
smallec than the flrst, and some of the Fflaws may now he under the 1afluence
of the shear-lag effect from the first crack. Now, let 1: ha the availahle
energy ralease rate at the tio of a3 flaw {f it {s nutqt1e‘the {afluence of
shear-lag, while Gy he the energy ra2laase rate {f it {3 {nslde the shear-lagn
0

zone, Then, the viliue of 5y {s smaller than 5 and &p {3 exprassthlae {a the
T

form

— o
Gilex, AT, a) = R(8) - GI (2x, AT, a) (2.12)
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where R(s) is a reduction factor representing the effect of shear-lag. Depen~-
ding on the distance s between the flaw and the first crack, R(s) has a value
in the interval (0, 1), see Figure 2.11,

The curve shown in Figure 2,11 can be numerically geanerated by the same
finfite element procedure by including the presence of a transverse crack in
the calculation of G for the considered flaw; see inset of Figure 2,11,

Hence, for all the remaining flaws in {ay}, minus ag,x, the one flaw that
gives the largest G1 will be the next to propagate into a transverse crack.
This is accomplished most routinely by a computer search [12]. Then, the
corresponding applied laminate tension, ;;, for this flaw to propagatzs {s

determined again from the fracture condition,
GI(-e-x, AT, a) = GIC (2.13)

given the values of AT and a assoclatad with the flaw,

Nots that 2, determined from (2.13) 1s larger than (ey)., detarmined for
the first crack, because a i{s smaller than a,,4x and the flaw may be under the
influence of the shear-lag of the first crack.

As for subsequent cracks, they can be similarly det=ecmined from the
remaiaing flaws. The cocrespoadliag laminate stralas arz2 found through solving
equations similar to (2.13). However, a flaw locatad hetween ten adjacent
transverse cracks, will he subjectad t» a shear-lag effect from each crack.
In such cases, the avalilable energy relzasa rate at the flaw tlp {s expressed
as

- o .
Gi(ex, AT, a) = R{sy) - GI (ex, AT, a) * R(sy) {(2.14)

wher2 sy and s, are distances from the flaw to the left crack and to the right

crack, cespectively.
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Successive searches for the most energetically possible flaws to become
transverse cracks provide a load-sequence for the multiple cracks formation
process., The searching procedure mimicks the cracking process as it wouls
occur naturally. Since each simulation begins by generatiag a set of M random
numbers used to define the flaws 1a the 90°-plies, the random number set may
be considered in a sense as a test specimen. enerations of several random
number sets can be used to simulata replicate test specimens. In this manner,

the scatteriag property of transverse cracks in a sample of replicates can

also be simulated.

2.6 Illustrative Examples

With the modelling procedure outlined 1{n the preceding section, the
method can now be [llustrated by several experimental axamples. Conslier
first the T300/934 laminate €amily [9/90,/9], n =1, 2, 3 and 4 under uniaxial
tensfon. The basic ply properties of the unidirecttonal system have been
previously given in Table 1I-1, and the growth data for multinle cracks under
ince2asing laminate tenston were shown earller in Figure 2.6, From this crack
growth data, the experimental ononset lnad for transverse cracking for 2ach
valie of n can be detarmined. These are 1listed ta Table 1I-2,

NDetermination of Effective Flaw Distributions. The Ffirst st2p {1 the

modelling is to determine the effective flaws in the hasic 90°-ply as a ply
property. To do so, a correlation {3 performed between the pradicted and the
experimental crack-density versus applied 1load relationships. From Flgura
2.6, 1t 13 notad that f{n the case of n = 1 ther2 was no noticeahle transverse
cracks formed prior to laminate final ruptare, But for n =2, 3 ani 4,
sufficiant number of transverse cracks ar2 racorded, For the 1(llustrative

examples to be discussed fn thils section, the aoffectlve flaw dlstribution 1a

the 920°-ply will he detarmlined ustag the data curve for a = 2, Tt w11 he

s
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assumed here that two (2) 90°~plies grouped together shall be a basic unit;
the flaws in its thickness are denoted by the set {(aj)y}. Then, according to
the volume~law proposed in Equation (2.8), the flaw sizes for n = 3 and n = 4

are represented by

2/
(ag)y = (a)g (a/2) 25 n=3, 4

where ay 1s the shape parameter of the distribution function for {aj}.

Now, assume there are M flaws In each unit leangth of the hasic 90°-ply;
and there are M locations {xg4} in a unit length. The sat of flaw locations,
{xq4}, 1is obtalned from a suitable random number generator that yields M values
in the 1inteeval (0, 1). These same values are also used ia conjunction with
the assumed flaw distribution functlon of the Welbull form, Equation (2.1), in
the following way: by letting F equal to each of the discrete values of {xg}
and by guessiag the parameters ap and B9 (the subscript 2 denotes two 90°-
plies grouped together), a discrete set {(aj)y}, 1 =1, M, {s obtalned froa
solving (2.1).

With {x3} and {(aj)y} defined, simulation of the tramnsverse crack process
may begin, Detalled calculations ian the simulation will be presented later 1in
this section; but {t is sufficlent to state here that correlations betseen the
simulated results and the experimental data €inalize the values of ap and g9
and the value of M, For the data shown for n = 2 ia Filgure 2.4, this nroce-

dure yielded, by hest fit, for the follonwing values:

M = 32 crack/cm

a2 = 4; ﬂ'z = 0,96t

Now, let the largest flaw {n {(as)q} be 1a the top 3% rank, or the 97-

percentile in the flaw slze cumulative functinn (2.1); it follows that
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Using the volume-law of (2,.15), the maximum flaw size for the cases of

n =3 and n = 4 are represanted respectively by:

(33)max = 1,61t

(2.18)
(aa)max = 1.85t

Determination of Onset of Traasverse Cracking. By uslng the ply stiff-

ness properties of the T300/934 graphite/epoxy systam listed in Table T1-1,
the straln energy release rate coefficients Cp and Cp that appear {ia Equation
(2.9) are generated aumerically for each value of a, These coefficients are
shown, respectively, in Figures 2.12 and 2,13 as functions of the half flaw
slze a. To predict the critical tensile load for onset, Equation (2.11) is
used in which the coefficients C, and Cp take thelr values at a = ap,4. These
values are listed in Table TI-3. Note that for the case of n =1, ap,y¢ could
not be detarmined; so the maximum available energy relaase ratza Ggpax 1s used
for prediction.

Finally, by asslanlag 2t = 132 x 10'6m, AT = 125°C and Gpe = 228 J/n?
(Table TI-1) solving Fquation (2.11) yields the critical strala
(ex)cr for each case of n. The predictad results and those found experiment-

ally (see Tahble 11-2) ara compared belou:

n (;x)crv Pradfctad (Ex)cr’ Experiment
1 1.N57% (> 1,0%)
2 N.hH8% V. hBY,
3 N.58% N.A1Y
4 .52 0,527
46
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' For all practical purposes, the predictioa 1s satisfactory both in magnl-~
\ . tude and {ia treand.

Simulation of Multiple Cracks. Since the results shown in Figure 2.6 are

from the 1initial portion of the transverse cracking process, 1t 1{s insuf-
» ficlent for a complete simulation. Instead, the experimental data reported

racently in Refereace [38] will be used next. In that sxperiment, a seriaes of

s e € B 4

T300/934 graphite-epoxy laminates in the form of [09/907,/7:1, n =1, 2 and 4,

were testad under uniaxial tenstion. This family of laminatess i{s identical in

stacking sequence as the [0/90,/97] family considerad in the earlier examples,

. asn

but the thicknesses of the layers of like fiber orientation are now doubled,

4s 1t will be shown shortly, the doubling of the layer thlickness permits early

[ MY

ongset of traansverse cracks ia the 90°-plies. Counsequently, complete develop-

s

ment of traasverse cracks {3 obtained hefore the other complicating faflure
.. modes ocenr,
i Figure 2.14 shous the experimental crack density versus the applied lami-
(N
. nate stress ox curves for each n In the [09/909,/79] family. For each n,
- thera were four replicatzs specimens tastad; and a finite-width scatter band {s
: obtained and displayed. Note that for each na, 3 transverse crack density
; saturation limit is reached before final laminata faillure. The random search
procedure outlined earlier will now be used to simulatas this vesult,
5 The T300/934 Graphite-cpoxy pnly constants listed {ar Table TI-1 ara used
? in all computatioas. In fact, the energy r2leagse rate curves for Gy and Cp
shown {a Figures 2.12 and 2.13 are also used {n the present [39/907,/99]
cases, Since layers of like Eiber orientation arz now doubled, the curves {a
- Figures 2.12 and 2,13 can be used to ecomputa G: {1 equation (2.9) by renlacing
o 2t by 4t, Then, all other 2quatinns ramaia unchaaged, except the size distrl-
’i butlon function for the effective flaws.
- 47
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As the effective flaws ia the basic plies (two 90°-plies grouped toge-
ther) were alveady determined, see (2.16), it is necessary only to Ffollow the
volume-law to define the flaw sizes in 90°-layers of more than two plies,

Note that {an this laminate series, with n =1, 2, and 4, the numbers of
the grouped 90°-plies are, respectively, 2, 4, and 8. The effective flaw size

for the cases of n = 1, 2 and 4 should now be determined by,

2
(agp)g = (a2)g (m) /a2 s n=1, 2 and 4 (2.19)

It will be assumed that for each case of a, there are M = 32 flaws per
1 cm as before. The flaw locations are again represented by a set of M random
values in the interval (0, 1). To include the shear-lag effect, the energy
reduction factor R(s) must be generatad independently. The R(s) factor for

[02/902,/02] 1s represented by a siagle functlon in terms of s and n:
R(s, n) =1 - 1,0056 exp [~-D.3838s/n t] (2.20)

Equation (2.20) is graphically displayed 1n Figure 2.15.

Now, all the elements for the simulation are now glven: the value of M,
the flaw size distributifon {ay} for any value of n, the flaw 1location distri-
bution {xj}, the energy releasa rate coefficlents Co, and Cp and the energy
raduction factor R(s, n). By following the outllned search proceduras, 90°-
layer crack development {s sfimulatad as a Function of ascendiag laminats
stress oy, or straia ey. The computar routine utilized incorporates a Monte-
Carlo type search procedure, the detall of whizh has been described {1 [12].

For each [02/909,/92] laminate type, four oc five replicat: simulattons
are performed (2ach simulation represens a specimen). Becanse of the disccet2
nature of the random numbers, specimens sn reprasanted ar2 slightly differaant

from one another. Consequently, repeated simulations alio glve rise tr» a
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scatter band {n the results.

Figure 2.16 shows the simulated transverse crack density versus the
applied (tensile) laminate stress ;k for four specimens of n = 1, It is seen
that the simulated results form a narrow scatter band and agr2e closely with
the band obtained by actual experiment,

Similar comparisoans for the laminates of n = 2 and 4 are displayed ia
Figure 2,17 and Figure 2.18, respectively. Here, agatn, the simulated results
agree reasonably well with the experiment both in tread and in scatter, Note
that the scatter band in the simulated results stems from the raadom numbers
scheme used, whereas the scatter band 1in the experimental data 1s due to
physical factors such as the raandom property of the basic composite material
system and the randomness 1a the laminate curing procedure, specimen handling
practice, the test method, etc. 1In the {llustrations shown ln Figures 2.16 to
2.18, no speclial effort was made to correlate {n any way the scatter between

the simulated and the experimental results.

2.7 Effects of Thermal Residual Stresses

In the example problems considered so €ar, the eaffects of thermal resid-
ual stresses have beea Included implicitly in the analysls, It is interesting
to examine these effects explicitly in some detall., Figure 2.19 shows the {a-
situ tensile stress gy in the 90°-plies at the oaset of the first transverse
crack for each n value in the [9/90,/7] family. The calculated oy stress
contalns the contributions from both the thermal 2noling of AT and the mechan-
{cal loading, ey.

Tt is seen that the total in-situ gx 1Is not constant with respect to n,
but Adecreases sharply with lncreasiag n. Although the la-situ gy Is dircectly
respoasible for the formation of transverse cracking, it i3 not a useful

streagth measure for the 90°-ply, Thernal cool Aown following Fabrication
49
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curing induces about 25% to 40% of the total in-situ oy, depending on the
value of n.

The thermal stress contribution to the total straln energy release rate
1s associated with the coefficients Cr {in Equation (2.9)., Note that G: is
composed of three parts: Gg, Gt and Ger representing, respectively, the
energy due directly to the applied tension E&, the temperature drop AT and the
coupled energy 1nvolving both E& and AT, Figure 2.20 displays the values of
the parts Ga, Gy and Gur for the considered 1laminate family when the first
crack is formed. Note that, at onset of the crack, G: fs equal to Gyg and Gy
is independent of a.

Since the sum of Gy and Gar 1s attributable to the thermal effects, {its
share in the total energy release rate can be as much as 497% to 65%, depending
on the value of n.

Clearly, the thermal effects are {important and must be 1acluded in the
cracking analysis, Furthermore, the thermal stress effect and the applied
stress effect on the total straln energy required for cracking are not simply
additive. This {s fundamentally different from the fallure criterion bhaszd on
streagth, In the latter, thermal and mechanical stresses are linearly addi-

tive,

2.8 Summarz

In this chaptar, an analysls mathod was presented for the formation
process of intraply matrix cracks in the form of 90°-ply transverse cracklng.

The nnderliniag assumptina of the method {s that successive cracks {a the
90°-ply under traansverse tension are due tn the propagation and the arcestnent
of matarial flaws which distributa randomly 4in the 90°-ply. The analysls
entalls two essentfal alaments, the first belag the nroper representation of

the material flaws 1s an lnherant oly property, and the second belag the
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establishmeat of a logical criterfon detarmining the exact 1loading condition
at which a particular flaw becomes a transverse crack,

The representation of material flaws {s basaed on a set of assumed effect-
ive flaws for the basic material ply. As such, the effective flaws do not
have real physical {deantity but their effect results {n the macroscopic
characteristics of the multiple cracking observed in experiment,

Once the effective flaw distribucion for a 90°-ply having a reference
thickness is known, the effective flaws la several 90°-plies grouped together
can be determined by meaans of a statistical volume-law. The law suggestad by
Equation (2.8), while plausible, is essentially empirical. Further research
is needed in order to formulate a volume-law on more rigorous grounds.

As for the formation of trausverse cracks, the classizcal fracture mechan-
ics criterion 1s employed. It 18 assumed that each of the effective flaws
behaves 1like a small crack. Onset of 1its propagation defines the transition
from a flaw to a transverse crack; and its arrestment at the /90 iantarface
completas the formation.

The calculation of the strala energy release rate associatad with a flaw/
crack propagating {a the thickness of the 90°-plies {3 accomplished by a
Einite element procedure based on ply elasticity. The procedura I3 a numeri-
cal alternative for problems thaving complex geometrlcal constralats, aleng
with other pecultarities such as the (aclusion of thermal effect, shear-lag
effect, etc.

Because the effective flaws 1n the 90°-plies arz random 1in slze and
location, successive flaw/crack transitinns under the applied 1nad constltuta
a stochastic process. A search procedura 1s used for the simulatinn of

multiple cracks as a function of continued loadiag.
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In addition to the 1logical development of the analytfcal model, the
influence of the lamination parameters on the model are also addressed, These

parameters are found to play an important role in the crack formation process-

es, For example, the effects of lamination stacking sequence, the actual ply

thickness, etc., are implicitly coantained in the predictive model. By varying
these parameters both in the model simulation and {n the experiments, their
influence can be quantified and the reliability as well as the generality of
the analytical model caan be evaluated,

At the conclusion of this chapter, 1t is noted that the effective flaw
concept results in physically correct behavior although the actual representa-
tion of the flaws remains a subject for further refinement. This also

facludes the empirically derived volume-law for flaws in grouped 90°-plies.
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TABLE II-1

Material Constants for T300/934 Unidirectional Ply¥*

Property

SI Unit

English Unit

ELL
ETrs Ezz
VLTs» ViLz
VTz
GLTs GLz
Gtz

long., tensile strength
traas., tenslle streangth
nominal ply thickness
temperature drop

(0/0 interface)**x

Gie (90/90 interface)**

G(1,TI)cs GTL/Gr = D.5%*

144.8 Gpa
11.7 Gpa

0.3

N.54

6.5 Gpa

3.5 Gpa
28.8x10-6/°C

1.36.10~5/°C

0.132 mm
125°C

158 J/m?2
228 J/n2

288.75 .J/=2

21x106 psi
1.7x106 psi
0.3

0.54
0.94x106 psi
n.5%106 psi
16.1076/°F

0.2x10=6/°F

250 ksi

0.0052"
225°F

9.9 in-15%/1n?
1.3 11-1bH/1n?

1.65 1a-15/1n?

*Data taken from Raferance [29].

*¥%See discussions 1in Reference [11].
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TABLE II-2

Onset of Transverse Cracking ian [0/90,/0] Laminate Family*

Experimental Experimental Experimental
Laminate Axial Stiffness Onset Stress Onset Strain
[0/90/0] 95.8 GPa »950 MPa »1,.00%
[0/302/0] 78.2 GPa 520 MPa 0.66%
[0/903/0] 64.9 GPa 400 MPa 0.61%
[0/904/0] 55.8 GPa 290 MPa 0.52%

*Data taken from Reference [32]
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TABLE TI-3

Maximum Flaw Size and Energy Release Rate for [0/90,/0]

n Amax Cos 1093 /m3 cT, 3/m3/c2
1 - 9.4% 5.5%

2 1.31¢ 17.0 11.5

4 1.85¢t 25.0 15.2

*Maximum value 1s used.
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Figure 2.2 1In-Ply and Interply Stresses Near the Free Edge
of the [0/90]s Laminate Under Tension.

57

bl SalL Sl Nl Sudh Bt




e e n oK K]

‘Zonraie’ LA 29 " A ek Nal Sl Al S dadi v it de A 3 PSS AN AIC AP A A RO S N P e A L A ) E

NADC-85118-60

kpa

2 L (0/90)s

0.5 -

Figure 2.3 Interlaminar o, (in kpa/ue) on Laminate Mid-Plane
as a Function of Distance From Free Edge {0/90]g.
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(~-25/25/90)s

10 ' -

d/t 16 12 8 4 0

Figure 2.4 1Interlaminar o, (in kpa/ue) on Laminate Mid-Plane
as a Function of Distance From Free Edge [i25/90]s
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Figure 2,7 An X-Radiograph and a Thickness View Photo-Micrograph
of Transverse Cracks in a [+25/903]4 Laminate.
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Figure 2,9 The Formation of Shear-Lag Zone.
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Figure 2.11 Energy Release Rate Retention Factor R(S) for the
(0/90,/0] Laminate Family.
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Figure 2.12 Energy Release Rate Coefficient C, for the
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Figure 2,19 In-Situ Tensile Stress ox in the 90°-Plies at
Onset of Transverse Cracking.
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CHAPTER III. ANALYSIS OF INTERPLY CRACKING

3.1 Physical Characteristics of Interply Cracking

In Chapter II, the mechanics of 1Intraply cracking in the form of traas-
verse cracks was 1Investigated. Intraply cracking s labeled as the first
basic form of matrix crack, which occurs primarily because of the 1a-ply
stresses, oy, Oy and Xy * The second basic form of matrlx crack is intaeply
crack, or delamination, Delamination i3 a plane crack which fnitfatas aad
propagates 1in a plane parallel to or insiie of an finterface between tun
adjacent plies. The primary cause is the interlaminar stresses og,, 14, Aand
Tyz that 2xist in the delaminating plane.

In practice, most structural laminatas are designed to withstand in-plane
loads. 1Interlaminar stresses occutr near locations of geometric discontinuity,
such as laminate free edge, bolt-hole, surface cut, 1inclusion, {interaal
defect, or some {atraply cracks that already occurred, etc, Hence, intarlami-
nar stress»2s ar:2 localized or concentratad stresses,

The severity of the various 1ncalized f{ntarlaminar stresses depends on
the nature of the particnlar geometrical discontinuity. Similarly, the
faitiation and propagation charactaristics of intz2eply crackiag also vary with
the same geometrical factor,

In thls sectinn, an effort s made to dellineata the physical hehaviors of
some commonly observed delaminations {1 eadliecring teras, and tor set 3
logiczal procedure for an analytlical treatneant,

Free Fdpge NDelaminations. Conslder flrst the free adge  delaminatlion

problen, This problam has attracted resaarch [atarasts over slace the advent
of composite laminat=s, As far back as {1 the latz 176)'s, laboaritory couapna
tests already establlshed that the tanstle streaszth of a2 laminata coapon

depands on whether oc not f{ree edge delaminatinn occurs ovrtor to  flnal ~oupnn
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rupture. In this regard, it was found that the laminate's ply stacking
sequence greatly influences the behavior of the observed free edge delamina-
tion [39]. Bjeletich, et. al [29] showed, for example, the uniaxial tensile
streagth of the graphite-epoxy ([+45/0/90]g coupoa was much 1lower than the
[0/90/+45]g coupon. The reason is that the former can develop extensive free
edge delamination prior to final failure, while the latter cannot, Free edge
stress analysis based on ply elasticity reveals that large tensile ¢, stress
is concentrated along the free edge of the [+45/0/90]g coupon, while a
compressive o, stress 1s conceatrated along the edge of the [0/90/+45];
coupon, Hence, the former 1is prone to delamination; the latter i{s not.

Actually, stacking sequence 1s not the only factor affecting the behavior
of free edge delamination. Other factors have been identified. For instance,
Rodini, et., al [40] were the first to experimentally document the dependence
of delamination growth on ply thickness. They showed that the critical
laminate tensile straln E% at the 1ialtiation of edge delamination 1{in a
[+454/04/904)g, n =1, 2, 3, 1laminatz €amily vartfed approximately faversely
with the value of /n. A more systematic study of ply thickness aeffect on
matrix cracking fin general was reported recently by Crossman, et, al [41]}.

Experimental Adocumentation of free edge delamination has traditionally
been conducted usiag both macroscoplc and microscopic damage {aspectlion
techalques, Optic opaque penetrant enhanced x-radiogriphy 1= anrng the
technlques used at the macroscale, while microphotography in conjunction with
scanniag electronic microscopy i3 a method for detecting matarial damage at
the microscale,

Figure 3.1a shows an x-radiograph in plane vlaw of free adge delamination
in a [#45/0/90]3 graphite-epoxy coupon subjected to unlaxial tensinn. 1In this

particular laminata coupon, 12 unlform delaminatlon was fattiatad alang dHoth
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edges of the laminate at about 90% the laminate ultimate streangth. The growth
behavior was essentially stable. WNear total delamination, other matrix crack-
ing modes developed and caused final failure of the test coupoa.

Microscoplc examination of the same delaminated coupon gilves a more
detailed view. Figure 3.1b i3 an edge view of the delamination magalfied at
80 times, This plcture was taken after the onsat of edge delamination, hut
before the laminate €faflure. 1t {3 seen that the crack is not confined in any
one given ply-to-ply intecrface. Rather, it wanders 1Ia the thickness of the
90°-plies with a zig-zagged path. The =zig-zagged crack surface may be
explained by the fact that the 90°~plies near the free adge region e subject-
ed both to a teansile g, normal to the laminata plane and to a ta2nsile oy in
the loading direction. The tensile ¢y tends to cause transverse cracks i{n the
90°-ply, while the tansile g, causes delamination,.

As the applied tensile 1load increases, the delamination prapagatas
further toward the centar of the laminatz, The growth {3 sometimes concurrent
with multiple traasverse cracks Ia the 90°-ply, Figure2 3.2 shows an A0x
thickness-view of the same [:ﬁS/O/OO]S coupon taken }ust hefoare Its final
failure. Nota that 1in addition ts delamination 1a the 90°-plies, there ara
also delaminations in the +45 intacfaces and the -45/90 {nterfaces. Moreover,
intraply cracks 1a the +45 plies are also visihle, Clearly, at thls stage of
loading, laminate matcix cracking lavolves several modes of failure that sccur
at several intecrfaces. For the 1laminate shown heraz, however, onsat of edge
delamination at 30% of the laminate ultimata streasth appears t» be the first
avent in the matelx crackiag process,

As mentioned, growth of delamination canses secondary cracks 'h other
plies, Figur2 3.3 shows a set of free edge delamination phatHeraphs takan

from a [+25/90/%25] tenstle couapon, Yera, a free odpge crack s s2en  tHy have
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formed {aitially in the 90°-ply, but then branched oanto the 25/90 interface as
it propagated {inward. The branching 1{s probably caused by the secondary
skewed cracks that occur ahead of the delamination. The skewed secondary
cracks fn the 90°-ply thickness 1s clearly the rasult of multi-axial teasile
stresses that develop near the delamination front. In this particular
fnstance, the thickness of the 90°-ply 1s thin and the threshold condition for
a pure 90°-ply transverse cracking Is not reached before edge delamiaation.
However, the tenslile gy Is significant enough to alter the Initial delamina-
tlon growth directioa.

Finally, Figure 3.4 displays an x~-radlograph of free edge delamination
for a [902/02/4459]g 1laminate coupon subjected to uniaxial compression [42].
In this case, a ta2nslle ¢, stress is developed in the i45°—pltes near the free
edge. This caused free edge delamination in the 45/-45 intarface. Note that
the delamination coatour i{s not as unlform along the free edge, due possibly
to the constralat from the grips at the coupon's end-tabhs. Although the t2st
specimen was very short 1length-wisz2 to pravent 3lobal huckling, 1local »ly
buckling still occurred subsequent to delamination,. The latter had resnltad
in transverse cracks 1n the 45°-plies, as can be seen in Figura 3.4,

Nther Types of NDelamination. The foragolng discussions focussed on the

physical nature of free edge delaminations as observed {1 some laboratsry
coupon tasts, Genarally free edsge delaminatioan Is not a2 coacern 11 applica-
tions, In practical problens, delaminations usually ocenr near Taminata
defects whera the stress concentration 1s much more sevara than the Ffrae adee
indnced stress conceatratinn,

¥igure 3.5 shows =nn x=radiagraph taken from 1 geaphit=-anoxy
[45/09/-45/79/9701g laminata teasile coupon havtas a theaurh  hole, In thls

tast coupon, hoth the strafzht adge and the carved odan argund the hnle causaed
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interlaminar stresses. Indeed, delamination cracks can he seen to form along
both the straight edges and around the hole, However, the contour of delami-
nation around the hole is more complicatad than that aloag the free edge,
because the stress field around the hole 1s more complex.

Another example of complicated ply delamination is shown in Figure 3.5,
where a T300/934 graphite-epoxy tensile coupon having [09/903]5 lamination was
subjected to unlaxial tension. Puraly 90°-ply transverse cracks are 1landuced
long before any delaminatioan. Upon iacreased 1loadiang, the transverse cracks
acted like local defects which cause 1localized {nterlaminar stresses. This
results 1ia the development of localized delaminations, As can he sa2en fronm
Figure 3.6, these dealaminations grew with the {ncreasing 1load and thetr
coalascence precipitatzd a massive 0/90 interface separation. This last avent
13 believed to have caused the final specimen failure,

Finally, Figure 3.7 is an x-ray plcture of a graphites—epoxy laminate
subjected to low velocity impact. The localized damage caunsed by the Impact-
ing objact 1involved primarily matrix cracks 1an the various plies aad ply
interfaces. Post-impact streangth L3 adversely affected by the damage propaga-
tion upon re-loadiag.

These laboratary examples ara cited to vortray the complex charactars of
intecply cracking. Though the bhasic canse of delaminatinn {s attributable to
the existance of ({nterlamlnar stresses, the exact distribution of these
stresses cannot always bhe detarmined. Since 1interply cracking and {ateaply
cracking often mutially {intaract, the {ateracting mechanisms also ramatn
perplexing,

In the following, an effort Is made to ldeallize and stuplify the ielami-
nation mechanisms, yet to retala all the cssential {nftuenclag factors, n

this contaxt, a descriptive model is formulatad frr the (altiatl{on ard arowth
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of some 1important delamination problems, as seea from a macroscopic viewpoint.

3.2 The Energy Model for Free Edge Delamination

As has been previously stated, the physical complexities of interply
cracking are far from being fully clarified, especfally the mechanisms associ-
ated with crack 1interactions, But, for the simpler problem of free edge
delamination which propagates without crack 1interactinms, a reasonably
accurate analysis of the phenomena at the macroscopic level 1s possibdle. The
analysis approach will be the same fracture mechanics concept applied to the
intraply cracking problems, Some preliminary coanslderations for the model
formulation are given in the following.

Rinematics of Free FEdge Delamination. Coasider the case of a long lami-

nate coupon having stralght edges, ULet the laminatz ply stacking sequence and
the manner of loading be such that free edge delamination occurs exclusively
at a known ply 1interface. For simplicity, assume that the {nitiation and
propagation of the delaminatinon ig the only matrix crick event during the
course of loading. Under such clrcumstances, the delamination growth coatour
will be uniformly advanclag along the edges; the growth may be treatad as one-
dimensional and self-similar. This idealizatlion permits the raprescatation of
the delamination as a 1line crack propagating 1a the cross-sectional plane of
the laminate, as illustrated schematically ia Figure 1.3.

Effective Interlaminar Flaws. For definfiteness, let the lamfinata he of

finite width 25 and subjected tH the unfaxial tensile laminats strala ey.
Then, given the geometrical lay-up of the laminate, all free edge stresses

iacluding the laterlaminar o,, ry, and tyz can he calzulatad basad on ply

elasticity, In order to reader a prediction frr delamination 1iitiatisn, {t

i3 necessary to Introduce a cartala effective 1intarface flaw near the free

edge. Upon lnadiag, the flaw 15 under the (1fluence of the free eodge  stress
81
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+§]
‘X field. Delamination of macroscopic dimension will result from the growth of
. the flaw once the edge stress field reaches a critical state,
E: Once agaln, the size of the effective flaw is unknown; some heuristic
,3 arguments about micro-macro transition are necessary to justify 1{its presence
v, and to estimate its size, as was done in the intraply cracking problems.
fj For the present case, let it be assumed that an "effective” interlaminar
‘ﬁ flaw of uniform width "a," is situated in some ply interface near the straight
edge of the laminate, This effective flaw is regarded as a small {nterply
i crack which begins propagation when the stress state surcounding the flaw-tip
YE reaches the critical value, This 1incident then defines the onsat of delamina-
tion, with a physical crack detectable at the macroscale,
'; Condition for Onset of Delamination. The transition from an effective
'% flaw to a physical crack 1s governed by the criterion of fracture growth.
< Since the particular {antecface 1In which edge delamination occurs 1s assumed
E known, then the flaw-tip energy release rate G(ey, 3,) for a glven effective
: flaw of size a, can he calculated. The finite element crack-closure proce-
< dures outlined previously 1s agala applicable. The calculated G can be
i conveniently expressed as a functlion of a,, given the stacking sequence of the
‘i laminate, the ply =lastic constants and the applied teaston 3;.
3 Figure 3.8 shows a typlcal f-curve plotted agalast the flaw size a,. 1t
é is seen that 5 rises sharply from zero at a, = 0 and reaches a 1limiting value
E Gmax at about a, > a5, The fact that 5 {niti{ally facreases linearly with the
‘ flaw size ay i3 a behavior similar to the classical crack problems. But as a4
approaches ag, the crack driving force G becomas non-linear aand rveaches
“
: eventinally an asymptote, This behavior of 5 indicatas tiat the delamination
lq growth is basically a stable process when its size exceeds the quantity a,.
1
;
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The physical meaning of a; is onot fully understood at the present time.
Its aumerical value for most laminates is of the order of the thickness of the
materfal plies which contains the delamination crack. For example, ap equals
about 4t (2 ply thickness) in the [+45/0/90]g laminate; it equals about 8t in
the ([+452/02/902]g laminate [32]. Hence, the value of Gpax is similarly
affected by the same ply thickness factor.

The calculated G function can be expressed again in explicit terms of the

applied tensfon ey:
G(Ex, a) = Ce(a) M 2t ° Exz (301)

where Cg(a) is a coefficlent dependent only on the delamination size (denoted
as a); and t is a chosen length parametar (2t = ply thickness). Note that the
functional shape of Ce is similar to G(a) shown In Figurs 3.8, aiven t and ey.

Similarly, 1f the laminate (s subjected to a known uniform temperature
deop, AT, and if the thermally induced strasses surrounding the flaw-tip also
effect delamination growth In similar manner, then the assoclatad flaw-tip

energy release rate due to AT is expressible as
5(AT, a) = Cp(a) + 2t « AT? (3.7)

where Cp(a) 1s also a functlon of the delamination size a only. The functlon-
al Yehavior Cp(a) is similar to that »f C,, see [32],
When the mechantcal 1oad and the temperature load both effect crack

growth at the same time, the total anervy releasz rate {3 exprassible 113

Glex, AT, a) = [VTa * ay + /31 * ATI2 (20) (3.3)

Now, if the Initial size of the effectlve edge flauw a3, {s known, then the

condition for its propagation (1.2, onset af delamination) ls governed hy

33
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G(ey, AT, a) = G a = ag (3.4)

In order to exescute a solution for (3.4), one question must now be
answered and two quantities defined. The question 13 on which ply interface
is the delaminaton to occur; and the two quantities to be defined are the
values of G, and a,.

The Range Of Effective Flaw Size. The question regarding the delamina-

tion site and the value of G, will be exanined in more detall latter 1ia this
sectlion, Now, examine first the possible values of a,. Note from Equation
(3.4) that a one-to-one relationship betweea the applied teasfon ey and the

flaw size a, exists, given AT and G. Figure 3,9 shows a schematic nlot of

Equatfon (3.4) in the ey versus flaw size plane. Tt {s seen that {f a raage

of values 1is given for the edge flaw size a,, then a corresponding range for
the onset tenstion E; can be detecmlned, In partlicular, i{f for all probabili-
ty, the effective flaw size a; 13 of the order of ay or larger, then the ringe
of the onsat tenslon ey 13 very narrow. Actually, Equation (3.4) predicts a
constant 2, for all a, > 2, because G then reaches its asymptote. In fact,
this constant 2y is the alnfnum possible lamitata strala predicted for which
onsat of delamination could occur.

As discussed before, the numerical value for a, in many practical lami-
nate stacking sequence 13 less than 4t, or about 2 ply thlcknesses. It {s
entirely possible that the largest effective interply flaw size may even be
greatac than 4t. 1In any event, a lower bond for the onsat 1load (ey).p can

always be obtalaed by settling a, > a5 or a, ~ 4t, whichever {s smaller,

Location of Delamiqation. To detarmine the exact delaminatinon site by an

analytical meaas {3 not stralsght-forward, hecause glven a multi-liyerad
laminate coupon there ara always several ply {intarfaces posslible for delamtaa-

tion,
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Consider for example the T300/934 graphite-epoxy [+25/90]g laminate under

unfaxial tension examined earlier in Chapter II. As was pointed out then,
a strong tensile g, 1s conceatrated near the free edge., So, free edge delami-
nation is expected before 90°-ply traasverse cracking. The 1interlaminar g,
distribution along the mid-plane (90/90 interface) was shown earlier {in Figura
2.4, It was 1{Inferred that it is this stress which is responsible for edge
delamination,

Actually, o, 1s not the only stroag Interlaminar stress near the free
edge; nor 1s it limited to act only on the laminate mid-plane, TIn fact, there
1s a high shear 1y, acting hoth on the 25/-25 and the -25/90 intarfaces along
with a tensile o,;. Figure 3.10 shows the through-the-thickness distribution
of 14y near the free edge, while Figure 3.11 shows the through-the-thlckness
distribution for g;. Tt is seen that [y, are singular on the 25/-25 and the
~25/90 intecrfaces. Likewise, g, 1s singular and tansile on the -25/90 {ntac-
face.

From the {interlaminar stress distributions, 1t would appear that the
25/-25, =25/90 and 90/90 interfaces are all nossible delamination sites.
Owiag to the lamination symmetry, delamination 11 the 90/90 {interface s
predominantly in mode-1 (opening mode); delamination Ia the ?25/-25 {atarface
{s in mode-ITI (anti-plane shear) aand delamination 11 the -25/90 1interfaca L3
mixed with mode-I and mode-ITI[, as both 1y, and o act on  that {atarface.
From such a stress analysis, howevar, Lt {s still not possible to detarmlne
for sure on which of the ply 1Interfaces delamination will {nftiate, Clearly,
a sultable quantity s needed to explicitly distingulsh the delinination
conditions on the vartfous possibla intarfaces.

To this end, examine the computad strala energy r2l2as2 rat2a avallable ia

each of the possible {atarfaces, Si1ce on  eacsh ply {atarface an affactiun
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interlaminar flaw of size a, is assumed, the avallahle total G at the flaw-tip

in each of the interfaces may be calculated individually in terms of a, and

the applied tension Z;.

Figure 3.12 shows two curves for the total energy release rate coeffi-
cient Cg(a), one for a flaw residing in the mid-plane (90/90 interface) and
the other for a flaw in the -25/90 interface. Note that Cg(a) for the mid-
plane flaw contains exclusively mode-I energy, while Co(a) for the flaw in the
-25/90 1interface (dotted line) contains mode~I and mode-III energles. The
ratio between mode-IIL and mode-I in the latter is about 9.8,

Similarly, Figure 3.13 shows the energy release rata coefficients Cp(a)
for delamination 1ian the same two 1aterfaces, The corresponding Cga(a) and
Cr(a) curves for delamination in the 25/-25 interface (predominantly mode-IIT)
are omitted because of their relatively small magnitudes,

From Figures 3.12 and 3.13, it can be seen that propagation of a flaw In
the mid-plane releases more energy than a flaw of same size propagating 1a the
=25/90 interface. However, whether ocr not a mid-plane delamination will occur
before a ~25/90 interface delamination is detarmlned by the specific delamina-
tion resistances Gy for wode-I and G(1, 111)c for mixed-mode. As was dis-
cussed in Chapter 1, differeat cracking modes may mean different mlicroscopic
fallure processes, which In turn give rise to different mnacroscoplcally
measured matarial 2nergy r2lease rates,

Dependence of G. on Delamination Modes. 1Tn saveral recent 2xpariments on

graphite—epoxy composites [43 - 45], the total energy release ratz G, for
mixed-mode delamination has heen found t» be ganerally great2c than 7y for
mode-1I delamination, In fact, in one case the total G, for wmiced mode crack
growth was found to lacrease with the ratin Gyrp/ap [451. Flgure 3,14 shous

the measured total G, for mixed-mode (I and 1I) delamfaatlon plattad as 2
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function of Gyy/Gp ratio (the materfal used was the T3NN/934 composite
system). It shows that the total G, is always greater than Gyg; and there
seems to exist a 1limiting value at large Gyy/Gy. This limiting value may be
construed as the value of Gyrg.

The reason for the dependence of the total strala energy dissinatad {n
mixed-mode crack on the Gyy/Gp ratio may be explainable at the microscale,
Some have attributed the 1ncraased energy to crack-tip matrix yieldiag under
shearing deformation [44]; others attempted to explatin it from the crack
surface morphology [43]. Whatever the exact cause, the macroscopic G, 1s
multiple—valued in mixed-mode crack growth, When used 1{a the contaext of
Equation (3.4), it becomes necessary to know the G1y/Gr ratio of the delamina-
tion growth, so as to select a proper value for G.-total. For this r2ason, a
functional curve for each material system, such as shown 1a Figure 3,14, must
be experimentally determined.

Alternative mixed-mode crack growth criteria have been suggested (see,
2.g3. [46]), requiring matarial resistances such as Sypc and/or Grrie.  But
many questions need to be sattled conceralag both the existence of and tast
methods for measurlag Gypc and Gyrprpc as applied to delamination 11 conmpostite
laminatas. For the time halng the criterion 11 Equation (1.3) will be used ia
conjunction with a variable fracturas tonghness property, such as displaved {a
Figure 3,14 for the T300/934 systanm. As further resaarch clarifies the many
uncertalnties surroundiig the nroblem of alced-mode mateix cracking {in compo-

31tes, a2 more precise and direct delamination crltarion may be develnped.

3.3 TIllustrative FExamplas for Free Fdge Delamiaatinn

In thls sectlon, two exampla problems will bhe d{scussed. ALl ara ralatad
to free aedge delamination, But, the 1loadiag factor and lamination geonatrey
factors will be varfed t5 see how gnod or bad the oradiztlve model is,

37
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[£25/90]4 T300/934 Tension Coupon. Consider the [+25/90]4 tension coupon

made of T300/934 discussed earlier. A prediction can now be made as to which
Interface an edge delamination will first inittate. 1f the fracture criterion
(3.4) 1is used in conjunction with the total G, curve for mixed-mode delamina-
tion shown ia Figure 3.14, 1t may be concluded definitely that free edge
delaminat{on will occur in the amid-plane of the laminatz coupoa, basad on the
calculated energy ralease rate curves shown I Figures 3.12 and 3.13.

As for the critical applied tenstion (ey)ep for the onset of the mid-plane
(node-1) delamination, assume that the effectlve interface flaw has an init{al
size a, ~ 4t or larger. Then, the maximum values of Cg; and Cp in Figures 3.12

and 3,13 are taken:

(Cedmax = 29.6 x 109 J/n3

(3.5)
(CP)max = 4.0 J/a3/c?
From Table T1I-1, wuse AT = 125°C., t = 0.066 mn and Gpn = 227,5 J/a°.
Substituting these values 1into Equations (3.3) and (3.4), it follnous that the
critical laminat: tensile strata (2,)qr At onset of delamfaation shouli he

equal to or greatar than,
(e)epr » 6.17 x 1073 (3.6)

This prediction agrees with the expecimental findiag reported {n Rezaran-
ces [32] and [41]. Four replicat2 specimens werae tastad aand lelamfination

onset oacciurrad at laminata straln E‘ raaglag from 5,9 toy H.1 x 1773, The

-

averaga was 2¢ = 95.9% x 1n-3,

In pradiztiag (ax)cr in (3.5), Spoowus assmad £y havae the constaar salae

227.5 J/n?, Thiiz valiue rapresantas the  apper bound vilie  for ands-1 0/ 1)
fatarface delamination, se» Table [I-1, For the onrosaat aroblea, the -taa?l
13
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Gyc should be somewhat smaller. Then, the predictinn and the experiment would
agree even closer.

Quasi-Isotropic Laminates Coupon Under Compression, To further {llus-

trate the utility of the energy release rata method, consider the following

laminate coupons of differeat lamination stacking geometries: [90,/07/+45,7]g,

[02/902/+453]5 and [(0/90)3/(+45)2]g. Note that these laminates are macro-

scopically identical in the elastic responses to ia-plane 1laminate loading
except for the free edge effect. Specifically, the stacking sequence of each
laminate causes tensile 1{interlaminar normal stress ¢, sheariag stresses 1y,
and Tyz hear the free edge under uniaxfal compressive 1load. Of course, the
magnitudes of the free edge stresses will differ with the differeat stackiag
sequences,

In Reference [42], laminates of these stacking sequences werae made using
AS-3501-06 graphite—-epoxy. Basic ply properties are given 11 Table TlI-1,
The laminates were tasted in rnom temperature under nonotonic uniixial com-
prassion, 1In all test cases, free edge delamination la the laminate mfd-plane
was recorded, see Figurs 3.4,

Figure 13.15 shows the experimentally measured free adge delamination
growth plotted agaiast the applied laminate comprassive stress‘7< for each of
of the three types of laminatz coupons. Thesz delamination growth curves
indicat2 that onset of delamiqation i3 followed by ra2latively rapid growth,
and the growth may have preclsitatad lacalized ply buckling failure.

Nota the onset load for delaminatian, A3 can be szen from Flgure 3.15,
this varies with the laminates stacking sequence, The final faflure load {s
also affected by the stacking sequence factor.

In order to explain thesa observed diffecrences, an edge stress fleld

analysls was performed using the finite elament routine. Figures 3.16 - 3,18
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show the isometric view of o, distributions on the coupon cross-section (first
quadrant section) for, respectively, [902/09/%459)1g, [09/90;/%459]5 and
[(0/90)2/(+45)2)g.  Similarly, Figures 3.19 - 3.21 show the shearing stress
Txz for the same three coupon types. The other shearlag stress, ty,, s not
shown due to {ts relatively small magnltude,

From thesa edge stress displays, {t appears that hoth the 1laminatz mid-
plane and the 45/-45 {intecrface are possihle delamiqation sites. It {s not
immediately clear, however, as to why the onsat loads for .Jelamination should
be different, and why the delamination sites shounl? 2ll h. at the =mld-plane,

To answer these questions, an energy release rat2 analysis was nerformed.

The ecnergy release rate coefficlent Fuaction Ca(3) computad by assunlag an
interply effective flaw of size a, 11 the laminate mid-plane, and ta the 45/~
45 intecrface ara shown respectively 1{ia Figures 3.22 and 13,23, The Cp-cutves
due to residual thermal lnadiag were uneglected because of thelr gmall valies.

The mid-plane delamination azaln contalns puraly mode-I action, while {a
the 45/-45 intarface tt contalas both: openlag (mode-1) and anti{-plane shear
(mode-III) actlons., The mixed-mode ratlo Gyrr/51 varies from 0.1 to 0.3
amongst the three types of laminates, see Raference [42]. The Ch~curves in X
Figure 3.23, however, are for the totil 2nergy ra2leas2 rats,

From the computed Ca-curves, 1{t can be iaferred that node-1 {mid-plane)
delamiantion should occur {a all the three types of laminatas. This 13
because the computad Co~-curves for mid-plane delamination ars all higher than
the correspondiag Ce~-curves for delamination a1 the 45/-45 latacrface plane,
In addition, for the matarial system used, Gy 1s lower than mixed-mnde g
total, see Table T1[-I,

The actual onsat loads are pradicted usiag the max{aum valnes of the
correspoandiag Ca-curves for mid-plane dalamination, As was done {a the

pravious axample, Equations (3.3) and (3.4) ar2 used tor pradist the afafnun
EL)
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possihble onset strain E} for each case considered. The rasults are as

follows:
Laminate Type Minimum Onset oy (= €,Fy)
[909/09/+4571 4 -303 Mpa (-44 ksi)
[02/902/th52]s =352 Mpa (-51 ksi)
[€0/90)9/(+45) 714 -407 “pa (=59 ksi)

The corrasponding experimental loads ar2 detecmined from Figure 3.15.
Because of the data scatter, load-ranges are obtalned yilelding, respectively,
290 - 310 ¥Mpa; 1331 - 358 Mpa; and 400 - 427 Mpa. The predicted results are
within the experimental scatter ranges. In particalar, the difference {a the
onset loads caused by the difference in stacklng sequences is also correctly
predicted.

In the examples discussed 1{n thls section, the question regacdiag the
effective flaw size a, {s treated indiractly, The assumption used i{s simply
that along the free edge of the 1laminat2, the Interface flaw has a probable
size equal or greatar than a, (am Is of the order of 4t sr the layer thickness
in w4hich the assumed delamination is contilned). In this manner, the predic-
tion 13 made using the maximum availabhle anergy release rates, yieliing a lower

bound for the delamination onset lnad,

3.4 Two~Dimensinnal Nelamination Growgﬁ

In the precedias sections, the eaarzy rz2l2as2 rat2 method has heen
apnpliad to describe a number of free edge delamination problems, The lami-
nat2s studled were so designed aad loadad as t> (1duce delamination without
stan{flcant latacactinus with other crackiag modes, Furthermore, the delami-

nation was either actually coanfined or theoretically assumed to grow unt®renly

along the free edpes of the tast coupon. So, {t could he traatad as 1 »nne-
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dimensional, self-similar crack growth problem. IInder such circumstances, the

Aorodd ||

kinematics of the crack propagation 1s simplified and crack growth 1s repre-

¥
¥
Q sented in a two-dimensional plane. The crack size then has a linear magnitude
" "a" and the propagation 13 simply along a line. This simplification makes
* possible a two-dimensional stress field solution 1in which the crack-tip energy
Eg release rate function G(g, a) is computed. Within the general confines of the
b classical fracture mechanics, the problem i3 treated, at 1least concentially,
N without recourse to empirical formul{isms.
.: Generally speaking, one-dimensional delamination growth In laminates is a
%: very spectal case, it can probably happen only under ideally controlled condi-
' tions. Most of the delamination problems ancountered in practice are caused
5 by laminate defects much more severe than free edges, The growth of delamina-
; tion near a local defect is almost always nixed-mode and multi-directional In

natirsa,
2
é For example, consider the laminate with a through-hole shown In Figura
é 3.5. Jpoa loadiag, localized delamination and other modes of matrix cracking
- ara Induced aear the curvilinear adge of the hnla, In th{s case, the result-
J)
: ing delamination crack front 1is actually a plane contnur, Becanse the assocl-
<
-: atad growth Is two-dineastonal, the progrzssion of the crack must he raprasen-
7 ted both in terms of the lastantaneous delamination arza and the delamiqatad
£ shape.
4
_: Clearly, this problem not anly requires a threa dlanenstional s3tress
. analysis but 1l3o0 a two-dimensinonal fractiura growth tr2ataent. Among the wost
E 41€€1icult tasks analytlcally are (1) how to calculata the crack froat 2nercay
) - -
? release rate 3(G, a), in which a ls some line contorur; iad (2) now tr set an a .

fracture growth crltecion appropriatz for the Ulastantineous =alxced-mode 1nd
N multi-directional crack prowth bhehavior.
™
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4 . If the line coatour of a local delamination is prescribed and 1ts iastan-

taneous growth shape assumed, the crack froat energy release rate 6G(g, ;) can
E be calculatad by a three-dimensional finite element routine [28]. Of course,
: the calculated G(o, ;) remains as aa effective, or averaged quantity 1in the
same context as discussed {n Chapter 1, Section 1,5, As for a criterion
suitable for contsurasd crack propagation in a given plane, 1little information
1s available at the praseant time, So, rather than attempt a rigorous treat-
ment 2ancompassing all these fundamental questions, consider the following

exanple problem in light of the analytical developments thus far.

An Example for Coatourad Delamination. Earller in Section 3.3, free edge

delaminations f{a three similar quasi-isotripic laminatas 1{induced by axial
compression wera examined. In a r2lated but separate experiment [42], one of
the laminate coupons, [09/902/%459]5, was fabricated with a pre-implantad
. delamination 1in its mid-plane, see inset {n Figure 3,24, The experimental
5 detalls regarding the fabrication and test procedures wera raported {a Refer-

ence [42], Figure 3.24 shows the tast results In terms of the delaminattion

size versus the applied 1laminats compresslion for specimens with and without

the {mplantad delamination, These laminates display strikingly different

growtil hehaviors. Specifically, the laminatzs with the Ulaplant underwent
contoured delamination emanating from the corner of the lamplant 2dge, while
the 1laminats without the {mplant axperiencad mor2 ocr 1less uniforam, one-
dimensinnal free edge delamination as dlscussed before. The contHrur:d growth
in the laminatz: with {mplant was comparatfvely slowyer aad mor2 stable; dut {ts
early iaitiation and sahsequent srowth actaally led t» pramatiyrs laminats

final fatlure.

In what follnws, a prediction w{ll he attemptad far the ons2t Hf the

contyxirad delamfaation growth with the atd of the 3-0 flalte alament slayla-
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tion routine developed in [28].

But before proceeding with the growth simulation, it {s useful to examine
the stress field near the implant at the coupon's free edge. For in this
region a saevare stress concentration is present, The particular point of
interest is the 1{interface corner where the i{mplanted delamination intersects
the free edge of the test coupon. This point is lahelad “interface corner" in
Figure 3,25,

Recall that laminates without the {mplant develnped a tensile interlami-
nar o, stress aear the laminate free edge. The largest value of ¢, near the
frae edge (acting on the mid-plane) was ahout 14 kpa (2 psi) per far-field
strain E; = -10'6; see Figure 13.16, In contrast, €for laminates with the
implant, the distribution of g, on the laminate mid-plane {3 shown {1 Figure
3.25, wher2 the magnitude of ¢, near the “"intecface corner” is ia the order of
60 kpa (8 psi). per'Eg = -1075, In fact, g, at the point {s thenretically
unbounded,

Since the implant {s situated {21 the laninte mid-plane, the tnitial
delaminatton growth is primarily of mode-1.

To predict the associatad delamination oaset, {t {3 necessary to calcu-
late the crack-froat straln energy release rata, Assume that the expected
initial delamination will start from the latecface corner point and grow with
a certatn known contorurad €ront, Thiz growth contour L3 representad hy a
presccibed sequence of nodal relaases {n the filnite element mesh. Spectfic-
ally, Figure 3.26(a) shows the {ntanded nodal release sequence that nlnicks
the dalamination growth ia a dtscreta fashion, The actial aunmber lahelaed for
2qch node represants the order of fts relaearsn, In this maaner, the enargv
rel2ase rate coefficlent T4 cin be computad as 1 Function of the delamfnatad
ar2a associaced with the nrescribhed growt't coatorr., Thi3z {3 shoun 1 Flour2

3.26(b),

V4
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It i{s seen that the delaminat{on growth {s most =anergetic along the
implant edge, represented by the nodes numbered 1, 2, 3, 5, 6, 8, etc. As the
delaminated area becomes larger, the available energy release rate hecomes
smaller, This implies that the growth process 1{s essentially stable, as
observed {n the experiment,

To obtain a rzasonable prediction, the maximum value of (g 1in Figure
3.26(b) 1s used to calculate the onset load for delamination. In this case,
thermal effect on delamination is ignored as Cr is relatively small, Then,
the maximum straln energy release rate assoclated with the nrascribed initial

delamination contnur can be expressed as:

Gmax = (Cedmax (2x)2 (2¢) 3.7

where the value of (Cglqax corresponds to the ralease of node 4 {a Figure
3.26(b).

Using Go = 175 J/n? (1.0 in-1%/1n2) for mode-1 delamtnation along the
fiber dicection and 2t = 0.13 mm (0.N005 1n.) from Table TI(-1, the caleulated
minimum onsat load in terms of the applied far-field strala (;x) ls found tn
be

(& )min = 2.89 x 1073 (3.8)

For the laminata coagilarad, the a<ial s3tiffness 1s ﬁg = 50.1 npa (7.7
mst), so that the praedicted (nin{mum) onset far-field 1laminata strass (s
about

(oxdmia = 145 Mpa (21.0 ksU) (3.9)

This nredicted value Is almnst the 3am2 as the experimental 2alu= nxteac-

ted from Fizure 3,25,
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Up to this point, reasonable analytical rigor could be maintal-qed. Rut,
what to do when the delamination growth becomes larger {s not at 13ll clear,
Not only 1s the exact crack froant unknown but the growth also becomes mixel-

mode.

3.5 Summary

In this chapter, the basic mechanics of interply cracking has bheen
discussed from both an experimental and an analytical view polnt, Several
examples belongiag to the class of free edge 1anduced delaminations were
studiad by means of the energy release rate method in cnajunction with a three
dimensional ply stress analysis. On the whole, the energy method {s a useful
technique to describe some of the essential characteristics Eound experiment-
ally in free edge delaminatfions.

The basic mechanisms of interply cracking seem to be more 1iatricate than

intraply cracking. Since an 1intecrply crack is propagating parallel (albeit

macroscopically) to the laminate plane, the applied in-plane 1oad required to

propagate an {nterply crack is usually hizher than that required to propagate
an Ilntraply crack, For this reason, {aterply cracking almost always interacts
with other matrix cracking events i{n practical cases,

Even {in the special case of free~edge delamination, such as those
examples studied {n thi3 chaptar, one cannnt always creatz a pure delamination
growth without concurreat {nteractions with other cracking modes, To model
such latecractlons would necessarily add uncertalntias both in physlcal reason-
ing and in analytlical nodeling.

An equally troublesome aspect In the delaminaton problam {s the lick of 1
suitable mixed-mode growth critecion, Because of the anfsotroplc natair: of
the composite plies, an {atarface crack woull always propagata {4 miced-mode,

And, for the same r2ason, the matar{al reslstince agalast crack propacition
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also depends on the ply geometry (e.g, fiber orientations) as well as the
particular microstructures that exist on the Interface.

A1l these difficulttes make {t seemingly impossible to treat the problem
on a more rigorous basis. Nonetheless, further analytical developments remain
pronising. As will be demonstratad {in the next chapter, the energy-
release-rata method, as outlined here, continues to provide a r=2asaonable
analytical description for matrix crack 1interactlons that emerge at higher

applied load levels.
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TABLE ITI-1

Material Constants for AS-3501-06 Unidirectional Ply*

Property SI Unit Fnglish Unit

ELL 140.0 Gpa 20.4x106 psi

ETTs B2z 11.0 Gpa 1.6x106 psi

VLT» VLz 2 0.29
VTz
GLT» SLz 0.8x106 psi
Gtz 5 0.8x106 pst
28.8x10-6/°¢ 16.10=58/°F

0.36.1n=6/°C D.2x10=6/°F

long. tensile strength

traas. tensile strength 3.6 kst

nominal ply thlckness ; n.0052"
tempeciture drop 31N°F
(0/0 {ntarface)*x 175 J/a? 1.0 tn-1%/1n

(90/90 intarface)** 228 J/n2 1.3 in-1b/1n?

*Data taken from Reference (427,
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graph (right) Showing Free Edge Delamination in a

X-Radiograph (left) and Micro

Figure 3.1

[+45/0/90]g Tensile Coupon.
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Figure 3.4 X-Radiograph Showing Edge Delaminaticn in a
[903/0,/4457] ¢ Compression Coupon,
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Figure 3.5 X-Radiograph Showing Matrix Cracking Around a
Hole in a [45/0y/- 45/90]5 Tensile Coupon.
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Figure 3.7 X-Radiograph of Post-Impact Damages in a 48-Ply
Quasi-Isotropic Laminate.
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Figure 3.8 Typical Behavior of Energy Release Rate for Edge

Delamination.
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Figure 3.25 An Interface Plane View of ¢z Distributicn in the
[02/902/+452]¢ Compression Coupon with the Implant,
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(b)

Figure 3.26 The Proposed Initial Delamination Nodal Release
Sequence (above) and the Computed Energy Release
Rate Coefficient C_(A).
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CHAPTER IV. ANALYSIS OF LATE-STAGE MATRIX CRACKING

4.1 Matrix Cracks at High Load levels

From the analysis in the previous chapters, 1{it may be concluded that
matrix damage begins generally with the formatfon of intraply cracks {n the
secondary or non-loading plies. In one example discussed in Chapter 1I, the
cross-ply [02/904]g laminate suffered sporadic transverse cracks f{n the 90°-
plies at 1laminate stralas as 1low as 0,27 to 0.3%. Since many laminates
designed for practical usage can reach ultimate tensile stralns in axcess of
17, early stage iatraply crackiag in the secondary plies is often toleratad as
benign service-related defects.

In some instances, interlaminar matrix cracking ta the form of Jdelamina-
tion can occur before Intraply cracking. Such occurrences are mostly confined
to localized areas, such as ne2ar the laminate free edges, around man-made
notches or at the leading edges of internal damages, where high concentration
of interlaminar stressas is prasent,

In any event, both types of matrlx cracking are undesirable from the
laminate reliability and durability viewpoinat, This {s hecause matrix cracks
in secondary plies can praciplitate matrix cracks intn the lnad-carrylng nlies,
under either monotonlcally increasing or cyclically applied 1lnads,

In the cross-ply laminatas discussed ia Chaptar 11, for {nstince, trans-
verse Q:acks i{n the 90°-plias d4id not seem to affect the structural perform-
ance of the laminate until ahout 90% the ultimatz load [38}. Toward the late-
stage of loading, however, in-ply matrix splits 1Ia the 0°=plies wer2 fount
throughout the lntector of the laminates. The splits are orlentarad parallel
to the applied tenstion ant cross-over the IN°-ply transversa ocracks that
formed early. As soon as a N°=-ply spllt formed and crossad over a 97-plv
trangverse crack, localized delamination [a the 0/90 {atarface was found near
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the crossing. Subsequent rapid propagation of many of the cross-cracks
induced delaminations eventuated a massive 0/90 interface separation. This
event was followed almost immediately uy catastrophic €allure of the 0°-plies,
The last failure event involved fiber breaking in the split 0°-plies. Figure
4.1 shows a sequence of x-ray photographs that {llustrate the matrix cracking
proliferation process of a [02/903]5 laminate during its late-stage loading.
These photographs clearly demonstrate that matrix cracks in noa-loadiag plies
can become detrimental to the load-carrying plies at hizh load levels.

Laminates of more practical lay~ups suffer similar late-stage matrix
cracking, though the sequence of events may not be the same [47]. FExperiments
usiang small coupoas confirmed that 1late-stage matrix cracking patterns are
usually generic to the lamination geometry (stacking sequence, ply thickness,
etc.,) and the nature of loading [47, 48). The same factors that ars Importaat
in the early-stage matrix cracking continue to play a dominata role during the
late-stage matrix cracking.

The objective of this chapter is to tavestigata some of the basic mechan-
isms associated with late-stage matrix cracking. The hasic macromechanlcs/ply
elasticity approach discussed ia the previous chaptars i3 followed. Since the
cracks concerned 1nvolvé three dimenstonal and localized stress flelds, the
finite element routine developed in Referance [28] 1s employed {n the
analysis,

In order to achlave a cohesive discussion, esmphastizing mechanisms rather
than the analysls method, a speclfic family of laminates will be analyzed.
Namely, the T300/934 tansile coupons [79/904]g, n = 1, 2, 4 are lavestigatad
again for late-stage matrix cracking, A complete documantation of damage
accumulation up to final laminata failure Is avallable {n Reference 38]; 30 a

comparison betsecn the anilysls and experiment can be mada,
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4.2 Stress Field Near a Transverse Crack Terminus

Consider again the [09/90,]g laminate coupon series under monotonic axial
tension. Transverse cracks {n the 90°-plies are formed during the early-stage
loading. The effect of these cracks on damage development during the late-
stage loading can be qualitatively studied by examining the behavior of the
stress fields near the transverse crack termini.

Figure 4.2 shows a tensile coupon which already suffered 90°-ply traas-
verse cracks. For the purpose of presentation only, consiier the section of
the laminatz that contalins oanly one transverse crack, Due to lamination
symmetry, only one—eighth of this sectlon needs to be modeled, see Figure 4.2.
Detalls of the finite element sizing, mesh generation and other computational
aspects are found in Refereuce [28] and will not be discussed here.

The computed stress fleld near the transverse crack terminus (s complex,
but the stresses can 8till be separatad {n tyo groups. The €irst group
consists of the iaterlaminar stresses o,, 1z And tyz acting on the n/90
interface, Thesa stresses are respoansible for delamination, The second group
consists of the 1a—-ply stresses oy, oy and Txy acting ia the 0°-plies. These
stresses may cause matrix damage Lln the 0°-ply, such as length-wise splitting,
as well as fiber breaking.

Inteclaminar Stresses, Figures 4.3 to 4.5 show, respectively, the (ntecr-

laminar gz, 1%z 3nd gy, distributions on the 0/90 {atecface. 1n each display,
the x-y plane cofactdes with the 0/90 intecrface; the x-axis colncldes with the
free-adge of the coupon, while the locl of the transvarse crack termlaus fall
on the y-axis. Nne of the corner poiats labelad {1 Figure 4.2 13 lacatad at
the x-y origin,

In each display, stresses for the [09/907]g and [79/30415 coupons ara

shown, The magnltude of the stresses I3 due t2 an applied laminat= strala

ex = 1 pe. It 18 noted that the (atarlaminar stress fields far 1 = 2 and
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n = 4 show similar distributional features, but with noticeable difference {n
magnitudes and in areas of coaceatration. In particular, the laterlaminar
normal stress oz 1s tensile in both cases, concentrated along the x and the y
axes. This peculiar distribution is effected by both the free edge and the
traasverse crack in the 90°-layer.

The tensile ¢, and the shearing stresses t1x; aad ty; could cause delami-
nation in the 0/90 intecrface, emanating from the corner point and growing iato
a delta-shaped contour as tllustratad 1{a Figure 4.6, An analysis of that
problem will be presented in the next section.

In-Plane Stresses {n 0°-Plies. As for the {in-ply stress group - o4, o
S y

and Txy» especially those existing in the 0°-plies, their intensities are also
affected hy the presence of the free edge and the traansverse crack.

First, consider the distributional characteristics of these stresses 11 a
plane parallel to the 0/90 1interface, or the x~y plane. Figures 4.7 to 4.9
show, rvespectively, gy, oy and Txy distributions {a the 0°-ply near the 0/90
interface. A severa stress concentration occurs near the transvarse crack
terminus and a less severe concentration occurs along the free edge 1{a all
cases., The 30°-layer ;hickness, or the value of n, {s saen to lafluence hoth
the stress concentration Iatensity and the size nf the stress conceatration
zone.

N0f the three {n-plane stresses, the magnltude of Txy 1a Flgure 4.9 {s
relatively small, though 1ts distributinaal bhehavior is quite dramatic near
the corner poiat. However, ox and especially Oy magni{fied sianificantly by
the presence of the transvarse crack, will caunse damage 1a the N°-ply. In
particular, both stresses are2 la tensisn throughout the fleli and each can
cause a different mode of fallure of the N°-ply.

The thernal resliual stresses due to thermal mismatchinpg of the 9° and

90° plies ar2 also signlficant, For reasons of hrevity, they are not shoun,
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but their distributfonal features are similar to those displayed 1in Figures
4.3 to 4.5, and 4.7 to 4.9. When coupled with the applied load, the role of
the thermal stresses in matrix damage development cannot be ignored.

The distributional behavior of gx and gy in the N°-layer near the trans-
verse crack terminus cannot be fully revealed by displays such as Figures 4.7
and 4.8. Both stresses also vary dramatically throughout the thickness of the
0°-layer.

Figure 4.10 shows the g, distribution in the 0°-layer thickness ahove the
transverse crack terminus (see figure inset). Note that the part due to the
applied tension, E; =1 pe, is tensile throughout the thickness and {s highly
concentrated approaching the 0/90 interface. The part due to thermal cooling,
AT = ~1°F, 1s compressive, except near the transverse crack root region where
it becomes tensile with significant magnitude. The combined gy near the
transverse crack terminus regloan displays varied dagree of concentration,
depending on the thickness of the 90°-layer in which the transverse crack is
situated.

It is apparent that concentrations of gy near the transverse crack sites
may have a profound effect on the breaking streagth of the 0°-ply fibers.
Several recent experlﬁents [47, 48] found broken fibers Ila the 9°-plies at
locations where adjacent 90°-ply transverse cracks had occurred,

Figure 4,11 displays a similar distribution for Oy which is an in-plane
stress normal to the fibers of the 0°-ply. Tt {s seen that the part of 5, due
to gx = 1 pe and the part due to AT = ~-1°F are hoth tansile throu~haat the
thickness of the 0°-layer. Both are magnified {1 intensity near the MM°-ply
transverse crack tecminus. The 1ear-field gy Adistributfon {s seen ty» vary
agaln with the 90°-ply thickness or the value »f n, The Yizh tensile stress

is capable of causlng matrix cracks in the 0°-layaer {n the farm of lonaitudi-
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nal splits. The splits occur in much the same manner as the 90°-ply trans-

verse cracks discussed in Chapter 1I.

4,3 Damage Modes Effected by Transverse Cracks

From the preceding section, it may be summarized that the presence of
transverse cracks in the [07/90,]g laminates can cause three possible damage
modes, all of which are localized near the transverse crack termini. 0f the
three possible modes, the N/90 interface delamination and the 0°-ply longitu-
dinal splitting are matrix-dominated cracks, while 0°~-ply fiber bhreaking is
something different fundamentally. The subject of fiber breaking requires a
different theoretical treatment and {s outside the scope of this discussion,
Hence, only the localized delamination and 0°-ply splitting are analyzed 1in
this section,

Onset of Delamination at Transverse Crack Terminus. The physical reason

for delamination at a transverse crack terminus 1s quite clear. The major
stresses causing delamination {n the 0/90 interface are the concentrated
tengile o, and shearing 14,. The other shear stress tyz appears to he negli-
gible, see Figures 4.3 to 4.5. These stresses attain their highest magnitude
at the corner point where Interactions take place bhetween the traasverse crack
and the fre~ edge, see Figure 4.6, Thus, {f a delamination 1is to occur, it
would probably start from this point and propagate 1{ato a plane contour as
shown in the figure.

In order to make a prediction for the onszat and the growth Dbehavior of
the contoured delamination, a small intarface effective flaw will azala he
assumed, located near the corner polnt. This assumption {s 1n accordance with
the effective flaw concept 1is3cussad earlier, Then, under the apnlied
tens{on, the assumed flaw starts to propapate and hecomes a local delamina-
tion, Following the energy release rata methndolngy outlined hefore, the
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growth of the crack front can be mimicked by a sequence of nodal-point
releases (Figure 4.6) in the finfte element net-work, shown la Figure 4.2. As
each finite element node 1is released, the corresponding delamination area as
well as the strain energy lost can be approximately computed (for detalls, see
References [28]). 1In this manner, a relationship between the delaminatad area
and the straln energy relaase rate {3 obtalned for the assumed delamination
growth.

Figure 4.12 shows the computed energy release rate coefficlent ¢, (for

E; = 1) plotted against the assumed delamination arsa contour for the

[02/902)g laminate. Note that G consists of all three modal compoaents of
cracking. In this case, the mode~I (z) component ts slightly larger than the
mode-1I (y) component, while the mode~ITI (x) component is negligible.

Figure 4.13 shows the Cr coefficient for the 1laminate subjected to
AT = -1°F (or =0.65°C). The general character of Cp and {1ts three modal
components of cracking ars similar to those of Cq.  The caleulatad Cy and Cp
coefficients are bdased on the assumed nodal release saquence (shown In Figure
4.,6), which may not be the hest representation for the actual delamination
growth, But, the general trend of thesae coefficiant functlions tadicatas that
the initial delamination growth 1is basically stable, as {s the case ohser-
ved in experiment.

Now, assume that the stactlng size of macroscopically observable delami-
nation 13 about 4t2 (whers 2t (s one ply thickness) so that vhen such a delam-
fnation 13 induced, it defines the onset of the contsnrad delamination, Then,
by taking the values of Cq and Cp from Filzures 2.12 and 2,13 at A/t? = 4, the
total energy ralease rate G(ey, AT) can be computad via Equation (3.3). Let,
as before, AT = 125°C and G, = 299 J/1? for wlxed-mode crack geowth, see Tabla

11-1. It follows from ¥Fquatinon (3.4) that the pradicted threshold tenstle
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strain for the onset of the contoured delamination for n = 2 is:
(ex)ge = 11.0 x 1073 (4.1)

Similarly, the computed G 2ad Cp coefficient functions for [07/904]14 are
shown in Figures 4.14 and 4,15, respectively. It i{s seen that the values of
Ce and Cp are significantly increased as a result of doubling the number of
the 90°-plies. Consequently, the predicted threshold strala for onset of the

assumed contoured delamination in this laminate 1is:
(ex)ge = 7.8 x 1073 (4.2)

Since the breaking strain of the 0°-ply is normally at about 10 x 10-3,
it may be inferred that the assumed coatour delaminatioan would not occur in
the {02/902]1g laminate, but would occur {a the [02/904]g laminate.

Indeed, in the experiment reportad {n Refereace [38], no such delamina-
tion was detected until after laminate €allure ia [92/90]g and [09/907]4. For
[09/904]14, however, delta-shaped delamination wera found at laminate straln
about 7.5 x 1073, This compares closely with the pradicted value ia (4.2).

Onset of 0°-Ply Splitting. As was discussed in the previous section, the

basic mechanisms fa 0°-ply splitting ara much the same as fa 90°-ply trans-
verse cracking. Howaever, the normal-to-the-fiber tenstion, Oy in the 0°-ply
is more concentrated aear the transverse crack terminus, In addition, along
the length of the laminate such concentrations occur pertfodically, colacldiag
with the regularity of the 90°-ply traangverse cracks., This makes it diff{cult
to predict how a 0°~ply split {nitiates,

Let it be assumed that 1a effective in-ply flaw in the 0°-ply exists and
lies fiber-wise 1in the ply. Then, the growth conditions for the effective

flaw can be formulated basad on the same concept of energy release rate, As
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in the case of the 90°-ply traansverse cracking, the size of the assumed effec-
tive flaw is not known. But, by computing the maximum possible energy release
rate available along the growth path of such a flaw, a minimum possible onset
load for the flaw growth can be obtained. The actual computational procedure
i1s identical to the transverse cracking cases discussed in Chapter 1I; there-
fore, the details of the computation will be omitted here. Instead, only the
final results will be given. Namely, longitudinal splits in the interior of
the 0°-ply will probably occur over the transverse cracks when the applied

tensile strain ey exceeds the following critical values:

for n = 2, (€x)sp = 10.5 x 1073 (4.3)
for n = 4, (ex)gp = 7.8 x 1073 (4.4)

According to this prediction, 0°-ply splitting cannot occur 1{a the
[09/902]g before laminatz failure; but may occur in the [29/90,]14 laminate
because the approximats threshold breaking strala for 9°-ply fiber 1is ahout
10 x 1073,

Note that the threshold straln for 0°-ply splitting {n the [09/904]4
laminate 1s about the same as the threshold strala for the 0/90 delaminations
induced near the transverse crack/free-edge corner polnts, see Equation (4.2).
Or, these two types of matrix cracks may occur at the same load 1lavel. This
was actually observed {1 the [09/903]5 laminates shown la Figures 3.4 and 4.1,
In Figure 3.6, local delaminations occurred near the free edge, while {a
Figure 4.1 0°-ply splits occurred ia the {atarfor; both types of matrix crack-
ing occurred at ahout the same applied 1lnad lavel. 1In the experiment reported
tn (38], longftndinal splitting was also found {(n [79/905]5 at the lamiaate
strain of 9.2 x 1073, while 1a (92790415 at the laminate stralns of less than
8 x 1073, Thesa numhers ars 1n general agraemant with the pradictions {n
Equations (4.3) and (4.4).
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4.4 Delamination at Two Crossing Cracks

When a splitting crack is formed in the 0°-ply, it makes a cross with the
transverse crack in the 90°-ply as {llustrated by Figure 4.16. In the close
vicinity of the crossing point, a severe stress concentration is developed.
Both {interlaminar and 1in-plane stresses are present, The 1interlaminar
stresses in particular will cause localized delamination such as shown by the
shaded area in Figure 4,16. (See also Figure 4.1,)

Figure 4.17(a) shows the 0/90 interface plane, with the x-axis parallel
to the 0°-ply split and the y-axis parallel to the 90°-ply transverse crack.
The axis origin is the intersection point of the two crossiang cracks.

The stress field near the 1{atersection point 1{s highly amplified. In
particular, the iaterlaminar normal stress o, 1s tensile due bhoth tn the
applied tension and thermal cooling.

To determine the threshold condition for delamination caused primarily by
the {nterlaminar stresses, a crack growth simulation is performed using the
same finite element nodal release procedura, The simulated delamination

follows the nodal release sequence shown 1{n Figure 4.17(b). The polnt-

by-point energy release rate coefficients C, and Cp are shown in Figures 4,18

and 4.19 for [07/902)5 and in Figures 4.20 and 4.21 for [09/70414, vespective-
ly.

From the energy release ratz conefficiant curves, it is apparent that the
behavior of the delamination 13 mixed-mode. The totail energy release rate
slightly decreases with the delaminated arza A, {ndicating a stable agrowth
behavior at least initially.

Comparing the four anergy release rata curves with those shown (1 Flouras
4.12 to 4.15, a close similarity i3 seen hetween the delamination occurcline it

the crossing cracks and at the transverse crack/free—-edge corner noints.
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However, the calculated energy release rate for delamination at the cross
cracks 1is slightly higher.
Using the same procedure as before for the threshold strain at onset of

delamination, the predicted laminate strains are as follows:
for n = 2 (ex)ge = 10.9 x 1073 (4.5)
for n = 4 (ex)ge = 7.5 x 1073 (4.6)

This shows that delamination at the cross cracks occurs at about the same
load as the 0°-ply splitting., FExperimentally, however, the splitting occurred
first, while the delamination followed immediately [38]. Since the analysis
involved considerable approximations, both {in numerical computation and in
setting the threshold coaditions for flaw growth, the close agreement achleved
between the prediction and experiment was rather surnrisinag,

From these results, the energy release rate concept coupled with the
effective flaw postulate 1s shown to be useful in predicting a threshold load
for matrix cracking that takes place at hish loads.

4,5 Effects of Matrix Cracking on laminats Strength

As has been shown, -matrix cracks and crack {interactions in 1lamfnates can
occur {n multiple plies under high loads. These cracks may severely reduce
laminate strength if the laminate's {nternal microstructure (e.g. nly stacking
sequence) allows them to grow, elther hy self-propagation or by mutnal coale-
scence, For example, matrix cracks {n off-axis plies, such as 90°-ply trans-
verse cracks, are Initial laminate damages, In time, or at hish loads, these
cracks cause secondary matrix cracks i{n the lnad-carvying plies which tricagar
catastrophic laminate failura, Since matrix cracking (s tnfluenced greatly hy
the lamination geometry, matarial system and lonadiae environment, even a
qualitative understanding of thelr inter=-relationshins is useful for ontimunm
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laminate design. It is shown here that these factors can be explicitly
accounted for in the predictive models, In the examples presentad, it seems
that the energy method can be an effective means to analyze certailn matrix
cracking processes and their contribution to the final fallure of the load-
carrying plies.

Up to now, most practical design analysts have 1{ignored the detalled
matrix cracking patterns in the off-axis pltes. They assume that all loads
will eventually be taken by the 0°-plies. This practice 1s typified by the
so-called discount method, which 1gnores any {nternal crack intsractions.
Such approximation techniques may over-pradict the laminate streagth,

Ultimate fallure ia laminates occurs when the fibers are broken. Matrix
cracks precede and 1influence thls process. Hence, a predictive model for
fiber breaking shounld {fnclude the influence of matrix cracks, As fiber
strength modeling was outstde the scope of this effort, it {s only proper to
point out hers that the mechanisms of fiber breaking and matrix crackiag must

be merged to provide a complete description of the lamfnate faflure process.
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corner pts.
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Figure 4.2 Finite Element Model for [0/90)¢ Laminates Containing
Transverse Cracks.
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Figure 4.3 o, Distribution on 0/90 Interface Near a Transverse
Crack.
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Figure 4.7 o, Distribution in the 0°~ply Near 0/90 Interface.
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transverse crack

O-layer split

(a)

-

1

(b)

Figure 4,17 (a) Plane of Delamination at a Pair of Cross-Cracks.
(b) Nodal Release Sequence for Simulation.
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